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A chronology of marl pits in the Paris Basin determined from the infilling of
closed depressions: do marling practices have their origin in the Neolithic

period?

Boris Brasseur!, Théo Allalou?, Laurent Chalumeau?, Emilie Gallet-Moron?, Jér6me Buridant?.

L Ecologie et Dynamique des Systémes Anthropisés (EDYSAN, UMR CNRS 7058), Université de
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Abstract

Marling (limestone alkaline amendment) agrarian practices have a plurimillennial influence on
soil pH and on soil-associated ecosystems. Although the earliest written records in Europe
date back to antiquity, the origin of this agrarian practice is not well known. In order to trace
the evolution of this practice in the early agrarian societies of Western Europe, we searched
for topographic anomalies of ancient limestone quarries that may have been used for marling.
Several hundred circular closed topographic depressions (CCDs) were identified under two
areas of ancient forest in northern France with Lidar digital elevation models (DEMs). Soils,
morphology and archaeological context were studied and filling sediments were dated in

several dozen CCDs.

The gaps in the carbonate rocks, soils with calcaric properties (scattered limestone fragments),
unstratified fills, the absence of buried paleosols, and dates (OSL, C-14) later than the first
local agricultural societies made it possible to recognise the CCDs that may have served as
limestone quarries. This was the case for most of the 30 CCDs studied, leaving a minority of

natural origin (suffosion, depressions of thermokarstic origins). Amongst the quarries
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identified, the preferential excavation of soft (friable) limestone and the localization of these
quarries in fossil agrarian plots led us to hypothesize that they were used for alkaline
amendments of the cultivated fields. The quarries were filled from the Middle Neolithic to

Late Antiquity, shortly before the period of afforestation of these former agrarian territories.

Keywords

Lidar, topographic depression, limestone quarry, calcaric, technosol, soil alkalinisation.

1. Introduction

Many plant species in food crops require near-neutral soil pH conditions for optimal growth and yields.
Marling or liming of soils is practised in agriculture to neutralise soil acidity and improve nutrient
availability (Lauchli and Grattan, 2017; Matthew, 1993). This practice is particularly relevant in areas
where soils are subject to natural acidification when rainfall exceeds evapotranspiration (Slessarev et
al., 2016). The most common materials used for marling are various limestones in granular (friable or
fragmented) form and their derivatives such as lime (Goulding, 2016). However, in the absence of
these materials, farmers may also use sandy deposits of calcareous seaweed (Clout and Phillips, 1972)

or the alkaline plant ash (Juo and Manu, 1996) during slash and burn practices.

For all soils undergoing acidolysis and acido-complexolysis processes, the practice of marling will

constitute a revolution in the dynamics of functioning processes. Due to the increase of pH and the
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availability of Ca, processes such as argilluviation will stop, cation exchange capacity will raise,
structural stability will increase, and so will the anecic earthworm populations (Chauchan, 2014; IUSS
Working Group WRB, 2015; Quénard et al., 2011). Soil marling is therefore a practice that structures

pedogenetic dynamics over time.

In north-western Europe, marling with limestone is an ancient agronomic practice first described by
Varron in the first century BC (Cato the Elder, Varon, Columella, & Palladius Ed. 1864: Book |—Chapter
VIII). Later, in a much more detailed treatise, Pliny the Elder (Pliny the Elder, 1877: Book XVII—Chapter
4) described the use of various calcareous rocks (called margam) for marling in Germany, France and
Britain. For example he mentions the use of various limestones such as columbina (pigeon grey), rufa
(reddish), argillacea (heavy marl), tofacea (tufa), harenacea (sandy), calce (lime). These are used
primarily for cereals (tufa, chalk and white limestone) but also for fodder (heavy marl) (Winiwarter and

Blum, 2008).

Thus, since antiquity, marling has been carried out with a variety of carbonate rocks suitable for
alkaline amendments in fields, and not only with marl. The choice of the calcareous rock, rather sandy
or clayey, could then be justified by an improvement of the soil texture for the envisaged agronomic
use (Pliny the Elder, 1877: Book XVII—Chapter 4; Young, 1808). These practices still have a measurable
impact on soil pH and Ca content several thousand years after their abandonment (Brasseur et al.,

2018, 2015).

The antiquity of the marling practice is largely unknown but potential relics of the activity exist in the
form of old limestone quarries used for these amendments (Prince, 1961). After their abandonment,
the quarries were being partially buried and now appear as closed depressions (CDs), more or less
levelled in the landscape. Gillijns et al (2005) described depression forms under forest cover and in
open fields in Belgium and noted their erasure on the fields/crops. They also indicate an anthropogenic

origin for eight out of 26 CDs, used as limestone, iron or sand quarries, and for some, as limestone
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loess quarries. The authors seriously considered the hypothesis that the quarries used to serve for

calcareous/alkaline amendments for crop improvement.

In the Merdaal forest (central Belgium), Vanwalleghem et al. (2007) dated the colluvium infill of a CD
between the first century BC and the fourth century AD. The CD was contemporary with local
agricultural activities, inferred from gully infills dated from the 18th century BC to the third century
AD. The authors attributed the excavation of the calcareous loess in the local CDs to the practice of
marling. Near the same forest, Rommens et al. (2007) dated the colluvium infill of one of these
anthropogenic CDs to the Middle Bronze Age (1120-900 BC). Meylemans et al. (2014) also reported
similar CDs, without dating the infill, in the vicinity of the Middle Neolithic site of Ottenburg (Central

Belgium).

In western Germany (Baumewerd-Schmidt and Gerlach, 2001) and in Britain (Prince, 1961), other CDs

have been recognised as marl pits, but no further information on their age is available.

Other CDs of anthropogenic origin had multiple functions compatible with a possible initial use as
marling. Thus, in the North-East of France (Etienne et al., 2011), CDs on marl were probably later used
for watering herds and/or for retting flax. The filling of the CDs studied dates from the Iron Age to the
Roman period. Some of these CDs could also be of natural origin following the dissolution of diapirs or
the subsidence of the soil. These findings were complemented by other work in Luxembourg
(Slotboom and van Mourik, 2015; van Mourik et al., 2016), where an anthropogenic origin was found
in some cases, with possible clay quarries for ceramics. The age of the fills in these quarries ranges
from Roman times to the Middle Ages. The absence of buried paleosols under/inside the colluvium

infill is the sign of a CD of anthropogenic origin.

Kotodynska-Gawrysiak & Poesen (2017) carried out an overview of the work on CDs in the loess belt in
Europe. The analysis of Eastern European CDs mainly suggests natural landforms (from loess deflation,
dissolution, thermokarst processes). According to *C datings, the CDs in eastern Poland were formed

between the Late Glacial and the mid-Holocene period. The morphometric characteristics, ages and
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stratigraphy of the infills clearly indicate that natural thermokarstic depressions were filled by colluvial
deposits due to agricultural land use in the second half of the Holocene. The presence of mid-Holocene
mature paleosols (Chernozems, Phaeozems, Luvisols or Albeluvisols) buried under the colluvium
infilling also points to an ancient natural origin of the CDs (Kotodynska-Gawrysiak, 2019). In Western
Europe, a dominant anthropogenic origin (i.e. loess and limestone quarries, underground quarry
collapses, bomb and mine craters) is more common for CDs. But natural landforms such as sinkholes,
salt lenses and limestone dissolution dolines have also been reported (Delafosse, 1948), especially in
the Paris region (Pissart, 1958).

To sum up, the similar surface forms resulting from this wide variety of CDs constitutes a possible
confusing factor in the interpretation of these structures. Systematic investigation of the fillings and

their dating is therefore necessary.

Cereals, originating from the Near East, are cultivars adapted to local neutral-alkaline soils and must
therefore have required soils with neutralised acidity from the beginning. Our hypothesis is that the
practice of marling is much older than the antiquity period because the first farmers in Northwest
Europe had to adapt the chemical qualities of naturally acidic soils to the plants they cultivated. We
believe that in former agrarian territories the anthropic impact of marling on the soils is often
underestimated and that this practice has strongly and durably structured the characteristics of

soilscapes where it has developed.

Our objective was to date a set of filled marl pits in the north-central part of the Paris basin in order to
estimate the age of the soil marling practices. To identify a maximum number of marl pits, we targeted
i) former agrarian territories where CDs are abundant, ii) depressions under forest cover where the
ancient agrarian microtopography is better preserved (Lenoir et al., 2022), and iii) areas where the

subsoil would have been favourable for marling.
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In order to identify the origin of the CDs, we studied their infilling (stratigraphy), their pedological
contexts and the contact with the local limestone substratum. To date the selected CDs, we decided
to analyse the lowermost infillings with Optically Stimulated Luminescence (OSL) and carbon 14 (%4C)

when rare charcoal remains were discovered.

We selected two large woodland areas, Compiégne and Saint-Gobain forest massifs, exhibiting a high
diversity of soil types over contrasted geological substrates, making available the targeted limestone
properties. The geological strata in these forests are relatively thin and have a lateral variability in the
facies that makes it easier to discern the strategies used by former inhabitants for the acquisition of
carbonate rocks and the characteristics they sought. Both forests were agricultural areas during the
Roman period and probably even a few centuries before. High-resolution lidar DEMs enabled us to
locate and then determine the geomorphological and fossil agrarian context of the observed CDs.
Finally, it should be noted that karstic networks are very rare in the limestone areas in the northern

Paris Basin (Rodet, 2010), which limits the risk of natural sinkholes forming on the surface.

2. Material and methods

2.1. Study sites, past and present contexts

The forests of Compiégne and Saint-Gobain are located in the north-central part of the Paris basin (Fig.
1). The first farming populations settled around 4500 BC in the Oise valley bordering the current
territory of the two forests (Leroyer, 2006; Leroyer et al., 2017). Field surveys, complemented by a
remote sensing survey with Lidar technology (David and Dardignac, 2018), carried out on the two
forests revealed hundreds of Roman sites, mainly rural settlements, within the forests (Pichon, 2002;

Thuillier, 2017).
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Fig. 1. Sitemap of the Saint-Gobain and Compiegne forests in the north-central part of the Paris
geological basin. The yellow dots correspond to the circular closed depressions (CCDs) identified thanks

to the DEMs of Lidar surveys.

The Gallo-Roman settlements were abandoned rather abruptly towards the end of the 4th century AD,
with archaeological evidence of destruction and fires as early as the 3" century AD (Fremont and
Woimant, 1976, 1975; Tuffreau-Libre, 1977). On the territory of the Compiegne forest, a woodland is
mentioned for the first time in the 6t century by Grégoire de Tours (de Tours, 1836); the forest then
became a royal hunting reserve until the French revolution in 1789 AD. The Saint-Gobain forest was

part of the Voas forest in the early Middle Ages (Acta Sanctorum, Vita Sancti Gobani). The study of the
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local Lidar DEM reveals numerous Gallo-roman agricultural parcels. This forest therefore probably

developed between the final period of the Western Roman Empire and the early Middle Ages.

Today, the local climate is sub-oceanic with an average annual temperature of 10.5°C and an annual
rainfall of 650 mm (Climate-data.org, n.d.). Acidolysis and acidocomplexolysis are the two main
geochemical soil-forming processes. The geological substratum is mainly composed of marine tertiary
tabular sedimentary rocks (Thanetian to Barthonian), sometimes covered by more recent continental
deposits (Pleistocene to Holocene). In both forests, the three dominant soil groups are Cambisol,
Luvisol and Podzol. In the 20th century, a 1200-ha plateau area south of the Compiegne forest, mostly
covered with fields, was supplied with limestone by three marl pits (Guérin et al., 1975). These pits
exploited Middle-Upper Lutetian limestone and were all closed towards the end of the 20th century.
This recent situation indicates a rarefication of marl pits over two centuries (Clout and Phillips, 1972;

Matthew, 1993).

2.2. Field survey, laboratory analyses and data analyses

Around 150 and 250 circular closed depressions (CCDs) have been characterized within Compiégne
(14,357 ha) and Saint-Gobain (8,470 ha) forests, respectively, thanks to airborne Lidar DEMs (hillshade
models with two mutually perpendicular directions). The realisation of the shaded DEM and the
calculation of depth, area and diameter of CCDs were carried out with the ArcGis Pro 2.8 software

(ESRI).

In the Compiegne forest (FDC), among the 150 CCDs recorded on the DEM, a high density is observed
on the southern plateau (Fig.1). Finally, only the central and eastern parts of the forest, with upper
Pleistocene blown sand formations, have few CCDs. It is also on these siliceous sand dunes that the
absence of agrarian parcelling and other archaeological structures had previously been noted (Horen
et al., 2015). In the Saint-Gobain massif (SGB), where such thick dune formations are absent, the 250

CCDs are more equally distributed.
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We selected CCDs that were sub-circular, over 10m in diameter, outside the areas of ancient
settlements and did not include bomb holes (characterised by smaller, rounder and sharper holes). We
then studied the infillings of 30 of these CCDs in various geological contexts, ranging from plains

(minimum altitude 48m) to plateaus (maximum altitude 170m).

For each CCD, hand auger cores were taken both inside and outside the depression i) until the first
hard rock is encountered irrespective of the depth; ii) to 1.5-metre-deep inside in situ carbonate soft
rocks; or iii) to 6m deep in other cases. Outside the CCDs, we determined the "local reference" for soil
and substrate rocks through (at least) one auger survey. Within the CCDs, two boreholes (auger and/or
soil pit) were drilled or dug to characterise the infills. We removed the CCDs with no carbonate rocks
outside and inside the depression in the first five metres and those where local carbonated rocks
appeared to be intact in the CCD footprint. We assumed the remaining 25 CCDs were potential marl

pits and therefore retained them for further investigation.

Based on this survey and with the help of the DEM, several morphological characteristics were
collected for the 25 CCDs: average elevation at the centre and outside of the CCDs; average diameter
and circularity (Perimeter”2 / (4 * pi * Area)); thickness of the infill in the CCDs; thickness of the
limestone gap; minimum depth of the carbonate fragments in the fill; and relative infill ratio (Infill
thickness/(Delta topographic + Infill thickness)). The infill thickness of the CCDs was defined as the
depth required to reach the unreworked carbonate rock at the centre of the depression. Outside the

CCDs, we also measured the depth of the local soil and the thickness of any underlying soft limestone.

Seventeen were chosen for dating purposes; a trench was dug inside these CCDs to 1.5/2.2m in depth
or to the first hard rock substrate. A description of the pedogenetic, sedimentary and stratigraphic
characteristics of the CCD infilling was then carried out on the soil profiles obtained. Soil horizons and
sediment units were characterised in the field (based on colour, texture, structure, spatial

relationships) and following the World Reference Base for Soil Resources (IUSS Working Group WRB,
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2015). In order to obtain a complete nomenclature of the horizons adapted to the description of the
diversity of the underlying source rocks, we also described the sequences of horizons according to the
French pedological reference system (AFES 2009). We also carried out pH analyses on the soils (5, 25
and 50cm depth) inside and outside the CCDs and measured CaCOs; levels with a Bernard calcimeter
(volumetric method) on the same soil samples and on the calcareous substrates in the CCDs. Soil pH
was measured with two glass electrodes in distilled water (ISO 10390:2004) on two subsamples, then
averaged. We performed a Wilcoxon pairwise comparison rank test to evaluate differences in pHyater
values in the soils inside and outside the CCDs soils. All statistical analyses were performed within the
R software environment (R Development Core Team, 2016), with the “ggplot2”, “psych” and “corrplot”

packages.

Of the 17 CCDs, 16 were dated by OSL (n=14) or/and *C (n=4). OSL dates were established by the
Luminescence Dating Laboratory of the Silesian University of Technology, Gliwice. Multigrain
measurement of quartz grains (125-200um) was realised following the single aliquot regenerative
method for 16 aliquots and a “Central Age Model” was established (Galbraith et al., 1999). 4C dating
was carried out following the AMS method at the Poznan Radiocarbon Laboratory. The calibration was
done on the OxCal software v4.4.2 (Ramsey, 2009) and with atmospheric data from Reimer et al

(Reimer et al., 2020).

3. Results

3.1. Geological context & carbonate rocks gaps

Within the 25 CCDs, gaps (compared to their surroundings) were observed for several carbonate rock
facies: loess (2), Lutetian limestone (15), Ypresian coarse limestone and “faluns” (4), and Thanetian

limestone and marl (4) (Fig. 2). Loess has a relatively low carbonate content (8-15%) whereas Lutetian

10
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limestones can reach 97% CaCO;. Of the 25 CCDs, 18 were dug at the expense of soft (granular to
friable) limestone material. In the case of the CCDs present on the Lutetian limestone, 9 CCDs (FDC-

CCDY, 2,3,4,5, 9,10, 12; SGB-CCD4, CCD8) have a flat bottom (sometimes with a slight slope from the

centre to the edges) composed of massive hard limestone bedrock.

& Geol. Units, Description _, CCDs nb.,%CaC03
i Quaternary; Plateau loess
LP &Ne and drift sands 2 81015

e5f Upper Lutetian; Mudrocks 0

e5c-e Up. Lutetian; soft and hard 4 86 to 93
limestones
Middle Lutetian; soft and

e5b hard limestones 11 751097

5 Lower Lutetian; sandy

€>a limestones h

edb Upper Ypresian; grey clays 0

eda Upper Ypresian; green 0
glauconous sands
Lower Ypresian; soft

e3s Iimestor?e & sandstone 4 16t0 76

e3 Low. Ypresian; clay and
coal bearing sandstone 0
Upper Thanetian limestone|

e2cm ata marls 4 47 10 90
Upper Thanetian fine

e2c glauconous sands 0

Fig. 2: Stratigraphic log of the global sequence of Tertiary rock found in the Compiegne and Saint-
Gobain forests. White rocks with brick-like features correspond to calcareous rocks. The 25 CCDs with
limestone gap were counted for these different limestone facies on the log. Thickness data and
descriptions are taken from the 1:50,000 geological maps of "Attichy" and "La Fere" (BRGM). The % of
CaCO03 corresponds to the calcium carbonate content we measured with the Bernard calcimeter or

was taken from published data in the local geological map records.

3.2. Closed depressions: morphology and relative infilling

11
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On the Lidar DEM, the 25 candidate CCDs for marls pits have sub-circular shapes. Their circularity index
ranges from 1.02 to 1.19. Regarding their average diameters, they vary from 55.5m to 28.5m and their
topographic depths (relative to the average local ground elevation) from -320cm to -60cm. No positive
relief of extracted soil is associated with these CCDs, so if it was extracted, the exceeding earth appears
to have been spread further beyond. The thicknesses of the calcareous rocks gaps range from 65 to
335cm. Finally, the thickness of the sedimentary fill in the CCDs varies from 360 to 25cm and their

relative infill ratio from 0.09 to 0.82.

Analysis of the morphological features of the CCDs reveals that the sharpest and deepest topographic
depressions are those with the lowest infilling ratio (e.g. FDC-CCD1 to CCD4, Fig. 3). Conversely, the
shallow marked depressions have a higher infilling ratio. Thus, two opposing morphotypes are
distinguished, one with a well-defined recessed relief and a relatively thin infilling, while the other has
a faint relief but a much thicker filling. FDC-CCD1 and CCD3 illustrate these two opposite morphotypes

(supplementary data, Fig. A.1).

12
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Fig. 3. Top: The topographic profiles of the four CCDs with red points illustrate the diversity of
landforms encountered. Bottom: Graph representing the distribution of CCDs as a function of two
variables, on the X-axis the difference in altitude (in centimetres) on the Lidar DEM between the centre
of the CCD and the outside, and on the Y-axis the Relative infill ratio. The projected regression line with

confidence intervals (shaded area) shows a negative relationship between these two variables.

The correlation matrix below (Fig. 4) also shows a positive correlation between the CaCO; thickness
deficit and the topographic depth of the CCDs and a negative correlation between the topographic

depth and the relative infill ratio. We can also observe that the CCDs will be more filled

13
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Fig. 4. Six morphological features of the 25 CCDs are compared in this correlation matrix with Spearman
correlation coefficients. These include the difference in elevation between the outside and centre of
the CCD on the Lidar DEM (Delta_topo), the thickness of the infill (Infill_thickness), the average
diameter (Mean_Diam), the thickness of the carbonate rock gap (CaCO3_gap_thick), the relative infill
ratio (Relat_infill_ratio), and the thickness of the soils surrounding the CCD (Soil_ext_thick). See in
supplementary data, Fig. A.2 for the histogram of the distribution of values per variable and the graphic

projections for the different pairs of variables.

Among the 25 marl pits, one of them (FDC-CCD1) had almost no fill, which allowed us to use it as an
example to describe the morphology of the contact between bedrock and fill for the entire CCD. FDC-
CCD1 is a relatively deep CCD (250cm) with a particularly shallow fill (20-30cm) and steep sloping

edges. The low fill revealed the general shape of the contact with the un-removed soil and rock. In this
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CCD, we therefore noticed a lower slope on one sector of the southern edge. A 80 cm-deep soil pit was
made at this point. This revealed a steep boundary with a dense level of limestone fragments
associated with few pieces of reworked soils and some charcoal under the fill composed of soil and
few limestone fragments. The high degree of compaction of this level strongly resembles a trampled

surface. This surface follows a gentle slope from the outside to the inside of the depression.

3.3.Infilling sequences: description and dating

We described 17 CCDs infillings by assessing excavated trench walls and a complementary augering
survey (supplementary data, Fig. A.3). Particular attention was paid to breakage phenomena in the
filling sequences of the CCDs, whether they were stratifications, the formation of a soil, or cross-cutting
by secondary excavations. Among the 17 CCDs, only one (FDC-CCD11) had a buried soil horizon,
indicating a stable pedogenesis step inside the total infilling sequence. At the base of the infilling, we
found a 40cm-thick buried leptic calcaric pretic Anthrosol. We retrieved some roman archaeological
material into this thin buried soil layer (ceramic plate and earthenware fragments, charcoal, flint chips).
In the case of the CCDs SGB-CCD1 and SGB-CCD11, a sub-horizontal discontinuity intersected the
deposits of a previously formed fill. This could indicate a local secondary excavation, possibly related
to the installation of a charcoal kiln platform during recent forestry history. With the exception of FDC-
CCD11, the absence of an intercalated pedogenetic layer in 15 out of 16 infill sequences indicates

single-phase events.

The charcoal and datable archaeological artefacts (ceramics) found in the pits all predate the infilling
event. However, when these elements are present close to the soil surface (<100cm), this may indicate
more recent contamination by bioturbation (biogaleries, windfalls). This was the case for four CCDs
(FDC-CCD6 and CCD8, SGB-CCD1 and CCD8) where kilns had been installed on the soil surface. Some
pieces of charcoal had reached depths of nearly one metre from much more abundant accumulations
near the surface (<25cm). In such situations we did not consider these coals for the dating of the CCDs

fill.
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Optically stimulated luminescence thermochronometry (OSL) tube sampling was carried out towards

the base of the depression fill. Multi-grain quartz dating of the samples yielded ages between 28.9 and

1.793 kyrs BP (Table 1). Six dates were between 28.900 and 12.710 kyrs BP; that is towards the end of

the Late Pleistocene. The remaining eight dates were in the second half of the Holocene, from 5.850

to 1.793 kyrs BP.

Table 1 Dating results of CCD basal infillings. OSL ages stated are expressed in years before 1950.

Forest CCD Depth  Material Th-232 228U 40K Total Equivalent  Age OSL (Kyrs
n° (m) (Ba/kg) (Ba/kg) (Bg/kg) Dose dose DE Before 1950)
rate (Gy)
(Gy/kyrs)

FDC CCD3 1.5 Quartz 27 30.1 301 2.016 4.99 2.400(+/-0.013)
very fine
sand

FDC CCD4 1.1 Quartz 315 45.2 288 2.24 4.18 1.793(+/-0.086)
very fine
sand

FDC CCD9 1.2 Quartz 18.3 27.9 215 1.599 5.08 3.110(+/-0.019)
very fine
sand

FDC CCD12 0.95 Quartz 13 29.5 199 1.455 3.269 2.180(+/-0.012)
very fine
sand

FDC CCD13 1.2 Quartz 10.5 22.88 96.8 1.007 2.86 2.770(+/-0.014)
fine sand

FDC CCDh14 1.3 Quartz 45.2 32.8 471 2.75 62.3 22.600(+/-0.012)
fine sand

FDC CCD17 0.7 Quartz 38 26.5 372 2.283 12.44 5.380(+/-0.032)
fine sand

FDC CCDh19 0.7 Quartz 10.9 11.3 321 1.47 34.3 23.300(+/-0.018)
fine sand

FDC cCcD20 0.7 Quartz 11 13.9 93.9 0.878 11.29 12.790(+/-0.074)
fine sand

FDC CCD21 0.75 Quartz 8.22 7.09 165 0.919 13.84 14.990(+/-0.091)
fine sand

SGB CcCcD1 1.8 Quartz 43.5 43 532 3.05 8.87 2.840(+/-0.013)
fine sand

SGB CCD5 1.1 Quartz 27.26 22.57 239 1.661 21.23 12.710(+/-0.073)
fine sand

SGB CCD8 1.1 Quartz 26.8 23.22 242 1.673 9.91 5.850(+/-0.034)
fine sand

SGB CcCb11 1.7 Quartz 29.31 25.12 350 2.025 58.6 28.900(+/-0.014)
fine sand

Where charcoal was present in a substantial number at the base of the depression fill, a sample was

taken and analysed for **C dating. Four calibrated age intervals were obtained, with medians of 4306,

2500, 2128 and 1936 yrs BP (Table 2). All datings were within the second half of the Holocene.
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FDC-CCD3 was dated by both OSL and 4C, yielding 2400 yrs BP and 2500 cal. yrs BP respectively. The
two methods therefore provided very consistent ages for the fill in this depression. The fill in the
FDC-CCD17 depression was also doubly dated. The OSL age obtained was 5380 BP while the *C age
was 4306 cal. yrs BP. The difference is greater but the two dates are still relatively close if we

consider the distribution of all the dates obtained.

Table 2 Results of “C dating for charcoal from CCD infillings. The calibrated “C dates given are
intervals of calendar years, encompassing the true age of the samples with a probability of ca. 95%.
The calibration was done with the OxCal software (OxCal v4.4.2 Bronk Ramsey (2009); r:5 Atmospheric

data from Reimer et al. (2020)).

Forest CCD Depth(m) Material 14C Age Calibrated age (OxCal 4.4) Median age cal. BP
n° BP Probability intervals

FDC CCD3 1.4 Charcoal 2440 +35 594BC (59.6%) 407BC 2500

FDC CCDh11 19 Charcoal 1985 +30 44BC (86.4%) 85AD 1936

FDC CCD16 0.9 Charcoal 2135 +30 206BC (81.2%) 51BC 2128

FDC CCD17 0.9 Charcoal 3845 +£30 2410BC (86.1%) 2203BC 4306

Of the 25 CCDs likely to be former limestone quarries, 16 have been dated. Of the 16 CCDs dated, six
(FDC-CCD14, 19, 20, 21; SGB-CCDS5, 11) had afill that predated the early Holocene which excludes them

from being limestone quarries contemporary with agricultural societies.

3.4.Pedogenetic development inside and outside the CCDs

The most common soil type found inside the 25 CCDs (Table 3) was Calcaric Cambisol (12/25) followed
by a diverse set of Luvisols (11/25). A few of the soils (FDC-CCD14/ CCD19/ CCD20/ CCD21, SGB-CCD1/
CCD5/ CCD11) had no calcareous characteristics. Of the latter, all but one (SGB-CCD1) had pre-
Holocene infills. In the case of SGB-CCD1, the thick surrounding local decarbonated silt soils could
explain the absence of carbonates in the fill. For Luvisols, the base of the BT horizon often coincided

with fill levels that were still rich in limestone fragments.

Outside the CCDs, the most common soil type was Luvisol (16/25), followed by Calcaric Cambisol
(9/25). In several cases (FDC-CCD12 & CCD17, SGB-CCD1), the Luvisols encountered outside the CCDs

had sharper and more clayey subsurface soil horizons (Bt).
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Regardless of depth (5, 25, 50cm) Wilcoxon rank tests returned non-significant differences in pHaer

values between inside and outside the CCDs (Table 4).

Table 3 Classification (1USS Working Group WRB, 2015) of soils and underlying rocks, inside and outside

the 25 surveyed CCDs (candidate CCDs for marls pits). Light orange indicates CCDs without the

diagnostic features of a limestone quarry.

Forest

FDC
FDC

FDC

FDC

FDC

FDC

FDC

FDC

FDC

FDC

FDC

FDC

FDC

FDC

FDC

FDC

FDC

FDC

FDC

FDC

SGB

SGB
SGB

No

ccb

1

D

10

11

12

13

14

16

17

18

19

20

21

Soil (& Horizons) inside CCD

Rendzic Leptosol (Aca, Rca)

Luvic Endocalcaric Cambisol (A, BT, Cca,
Rca)

Luvic Calcaric Cambisol (A, S/BT, Cca, Rca)
Calcaric Cambisol (Aci, Sca, Cca, Rca)
Leptic Calcaric Cambisol (Aci, Sca, Cca, Rca)

Endoleptic Calcaric Cambisol (A, Sci, Sca,
Cca, Mma)
Calcaric Cambisol (A, Sca, Mma)

Calcaric Cambisol (Aca, Bca, Mca)
Calcaric Cambisol (A, Sca, Rca)
Endoleptic Calcaric Cambisol (A, Sca, Rca)

Luvisol (Siltic) (A, E, BT, C) over buried
Pretic Anthrosol (Leptic Calcaric) (Aca, Rca)
Endoleptic Endocalcaric Luvisol (A, E, BTca,

Rca)
Calcaric Cambisol (A, S, Sca, Mma)
Luvisol (Siltic) (A, E, BT1, BT2, C, R)
Calcaric Cambisol (A, Sca, Rca)

Endoleptic Luvisol (A, E, BT, Rca), rounded
and isolated limestone blocks inside BT
Calcaric Cambisol (Aca, Sca, Cca, Rca)

Albic Protospodic Dystric Arenic Luvisol (A,
E, BP, BT, Msi)
Endoleptic Arenic Luvisol (Pretic) (A, E, BT,
Mca)
Arenic Dystric Luvisol (A, E1, E2, BT,
Msi/Mca)
Gleyic Luvisol (Siltic Pretic) (A, Bi, Btgl,
Btg2, C, Cca)
Epileptic Calcaric Cambisol (Aca, Sca, Rca)
Chromic Luvisol (A, E, BT, Cca/C, Rca)

Soil (& Horizons) outside CCD

Endoleptic Luvisol (A, E, BT, Mca, Rca)
Endoleptic Luvisol (A, E, BT, Mca, Rca)

Endoleptic Luvisol (A, E, BT, Mca, Rca)
Endoleptic Luvisol (A, S/E, BT, Mca, Rca)
Epileptic (truncated) Luvisol (A, BT, Mca,

Rca)
Epileptic Calcaric Cambisol (Aci, Sca, Mca,
Mma)

Ferric Cambisol (A, S, S a sequioxydes;
buried Calcaric Paleogley A, Bgca, Mca)
Epileptic Calcaric Cambisol (Aci, Sca, Cca,
Mca)

Endoleptic Calcaric Cambisol (Aci, Sca, Cca,
Mca)

Endoleptic Calcaric Cambisol (Epiclayic) (A,
Sca, BTca, Rca)

Epileptic (truncated) Luvisol (A, BT, Mca,
Rca)

Endoleptic Luvisol (A, E, BT, Mca, Rca)

Luvisol (A, E1, E2, BT, Mca, Mma)
Luvisol (Siltic) (A, E, BT1, C, BT2, R)
Epileptic Calcaric Cambisol (Aca, Sca, Mca,

Rca)
Luvisol (A, E, BT, Mca, Rca)

Epileptic Calcaric Cambisol (Aca, Sca, Mca,
Rca)
Albic Dystric Arenic Luvisol (A, E, BT, Mma,
Mca, Msi)
Endoleptic Arenic Luvisol (A, E, BT, Mca)

Arenic Dystric Luvisol (A, S, BT, Mca,
Msi/Mca)
Luvisol (Siltic) (A, E, BT, C, Cca)

Epileptic Calcaric Cambisol (Aci, Sca, Rca)
Endoleptique Luvisol (A, E, BT, Mca, Rca)

18



2

10

11

12

13

14

15

16

17

18

19

SGB 8 Luvisol (Arenic) (A, E, BT, Rca) with Epileptic Calcaric Cambisol (Aca, Sca, Mca,

rounded and isolated limestone blocks Rca)
inside BT
SGB 11 Luvisol (Siltic) over Gleysol (A, E, BT, C, Cg)  Luvisol (Siltic) over Gleysol (A, E, BT, C, Cg,
Cca)

Table 4 Comparative results of soil pH,..r analyses inside and outside the 25 CCDs.

Soils PHuater PHuater Wilcox.test
Depths inside outside

(cm) CCDs CCDs

-5 5.70 5.36 0.2348

-25 5.91 5.94 0.5416

-50 6.29 6.40 0.925

Several CCDs (FDC-CCD11, CCD12, CCD16, SGB-CCD1) also contained pieces of ancient A, S, E and BT
horizons mixed with limestone fragments in the lower part of their fill. During the digging of the soil
pits, these pieces of ancient horizons were distinguishable by clear boundaries between blocks of
different colours and textures. They disappeared progressively in the upper part of the fill, particularly
in the 50 cm just below the surface. The frequency of bioturbation in the superficial part of the present-
day soils could explain the disappearance of these very friable fragments with fine matrices through
homogenisation. After this homogenisation, only the limestone fragments, if they have not been
dissolved by the surface acidification of the soil, still bear witness to the diversity of origins of the infill

materials.

4. Discussion
4.1. A minority of natural depressions with pre-Holocene infill and a majority of limestone quarry

(potential marl pits)

The fill of six CCDs dated back from Late Glacial Maximum (LGM) to Younger Dryas (Fig. 5) match the
age of aeolian sandy (FDC-CCD19, CCD20, CCD21, SGB-CCD5) or silty (FDC-CCD14, SGB-CCD11) deposits

and miss artefacts from Holocene agricultural societies as well as scattered carbonate rock fragments.
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These depressions are likely natural. Several hypotheses can explain how they trapped sediments
during the last Ice Age, but two are more plausible, namely thermokarst depressions in a context of
wind-blown sands and loessic silts (for FDC-CCD14, 19, 20, 21 and SGB-CCD11); and suffosion due to
the strong irregularities in the depth of the limestone/fill interface (for SGB-CCD5, located on a
limestone plateau). Alternative hypotheses include various natural processes leading to CDD formation
in the European loess belt (see for example Kotodyrska-Gawrysiak et al., 2017), like. piping erosion,

irregularities in the deposition of aeolian sediments, deflation hollows (Gillijns et al., 2005).

Upper PLEISTOCENE : HOLOCENE P > 7,
H s % :
Upper Paleolithic : Mesolithic , Neolithic i Bronze Age | 0’74 ?% S :’%4%0’
* x learly; middle | late | ! o | %) % % | "60,%)
* * * * * i,'k * f** Dates of CCDs
ey 2, W s 2 0 S S 6 % . w ey v, Time (years
0 o s 2 Yo %,
% % %, %, % %, %, % % %, %, %, %, %, gp)

Toundra/“!' aiga e“‘fi 55 mperate open forest Agricultural Afforestation
Accumulaticolofldiited No agriculture Infilling of of both areas
loamy and sandy deposits

Fig. 5. OSL (before 1950) and Carbon-14 (cal. BP) dating results of the CCD infill integrated into a (non-
linear) time scale with the chronocultural periods. OSL dates are indicated by a red star, while 1*C dates
are indicated by a white star with a black border. The two symbols are combined if the two dates are

almost identical for the same CCD.

According to the age of infilling, 10/16 of CCDs date back to the second half of the Holocene (Fig. 5)
and correspond to potential marl pits. They span time periods from the Middle Neolithic, to the Bronze
and Iron Ages, to the Roman antiquity. This is consistent with the time at which both forests started to
establish on these former agricultural lands, i.e. the end of antiquity (de Tours, 1836; Fremont and
Woimant, 1976, 1975; Pichon, 2002; Thuilliers, 2017; Tuffreau-Libre, 1977; Acta Sanctorum, Vita Sancti
Gobani). The earliest potential marl pit we found date back to the Middle Neolithic, hence it is 2000

years older than marl pits dated by Rommens et al. (2007) from the Middle Bronze Age.

4.2.Limestone quarry infilling and pedogenesis
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The nine potential marl pits showing a single-phase filling suggests intentional filling immediately after
reclamation of the quarry, plausibly with the aim of rehabilitating it into agricultural lands. A similar
observation was reported by Gillijns et al. (2005) and Poesen et al. (2018), who identified carbonate
rock quarries filled that had been more or less levelled depending on their location in the field or under
forest cover in central Belgium. However, in their case the filling was not single-phased but composed
of several successive layers of colluvium. Our sole exception was site FDC-CCD11 which showed a
paleosol at the basis on a thin, likely natural fill. It indicates a delay between the abandonment of the

qguarry and the infilling operation.

In contrast, FDC-CCD1 is an abandoned quarry with no previous infilling; therefore, the thin existing fill
is probably natural. This CCD allows to observe the natural functional morphology (bowl shape, steep
slopes) and provides a model for the other local CCDs. The same CDD showed an well-preserved edge
with a levelled slope and a buried compacted surface which might have been an access ramp to the
bottom of the quarry. It is thus likely that this quarry has been abandoned at the same time as

agricultural activities, before the land became afforested (4th to 5th century AD).

Carbonate rock fragments dispersed in a matrix of earth were retrieved in the lower half of the filling
of 0/6 natural CCDs and 9/10 of potential marl pits, consistent with their hypothesized use as quarries.
Among The notable exception is site SGB-CCD1 which contained loess with 10-15% calcium carbonate,
where soil acidification may have more rapidly eliminated the remnants of this fine and weak
carbonate component in the filling. The absence of carbonate rock fragments near the surface can be
due to soil acidification (from the surface) after the afforestation of these territories (Brasseur et al.,
2018). Applying the criteria of presence of carbonate rock fragments and artefacts of ancient agrarian
societies in the fill, there are out of 25 CCDs with a limestone gap (on the inner side), 19 quarries (&

marl pit candidates).

We conclude that in the northern part of the Paris Basin nearly 75% of the CCDs associated with a

carbonate gap are former carbonate rock quarries now filled with a mixture of carbonate materials.
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Without the help of a DTM Lidar, these advanced Technosols, with frequently Calcaric, Leptic, Cambic
or Luvic diagnostic horizons can easily be considered as calcaric cambisols or a rendzic leptosols at first
glance. Considering the long history of local agriculture and anthropogenic erosion, the soils

surrounding these CCDs can often be classified as Anthrosols.

The thicker and more calcareous soils inside former quarries compared to soils outside (Table A.2), as
well as the less pronounced horizonation (cf. rarity of clay (BT) and albic (E) horizons) can be explained
by the relatively young age of the parent material and thus to less advanced depletion/enrichment

processes.

In the absence of ancient marling activities and erosion due to agriculture, the soils encountered in the
areas studied would have been Albic Stagnic Fragic Luvisols and Dystric Cambisols depending on the
depth of the limestone susbstrate. Such soils are now only found at the bottom of the slope, buried
under the thick colluvium of the first phases of cultivation. In areas covered by quartz drifted sands,
Albic Podzosols are expected to dominate. Where these sands reach significant thicknesses and in the
absence of nearby calcareous substrates the dunes formed have sometimes been spared by agriculture

and these soils are then preserved (Horen et al., 2015).

4.3. Materials suitable for marling extracted from quarries and archeogeographic distribution

Where several carbonate rock types were locally accessible, as in our study area, extraction was
prioritary done on the most friable carbonate layers with low clay content. Once those extracted,
extraction often stopped on a hard limestone (FDC-CCD1, CCD2, CCD3, CCD4, CCD5, CCD9, CCD10,
CCD11, CCD12, CCD16, CCD17; SGB-CCD4, CCD8) or a marl (FDC-CCD7, CCD13). This further supports
the hypothesis that these former quarries were used for carbonate amendment in surrounding
agricultural lands, though secondary uses cannot be fully ruled out (e.g. paving of roads and paths,
mortar). Compared to the situations observed in central Belgium (Poesen et al., 2018), carbonate loess
was rarely used in our study area, probably because more suitable and/or more accessible substrates

(e.g. CaCO3-rich limestone rocks below a thin layer of silt) were accessible in our case.
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We therefore favour the hypothesis that these depressions are indeed old marl pits rather than
carbonate quarries of undetermined use. The spatial layout of the most recent marl pits supports this
hypothesis since they were clearly integrated into the agrarian plots (see appendix Fig.A4). Another
striking feature is the high density of quarries in a limited area. On the Compiéegne forest southern
plateau, each unit of land (from 5 to 13 ha) had its own marl pit. This illustrates the importance in the
past of avoiding the cost of transporting large volumes of the local limestone. Marl pits were therefore

much more abundant features in earlier agrarian landscapes.

4.4. How old is the alkaline revolution in the north-western European soilscapes?

Here we provided robust diagnostic criteria to distinguish former carbonate rocks quarries among
lidar-detected CDDs: i) the presence of carbonate rocks fragments in the fill matrix; ii) dating to the
second half of the Holocene; and iii) the presence of other artefacts associated with agricultural

societies.

Compared to other continents, Europe has the highest proportion of carbonate-containing rocks near
the surface (Hartmann and Moosdorf, 2012). Most of North-West Europe agricultural soils are
currently affected by marling or more modern alkaline amendments, which has an enormous
influence on their physico-chemical and biological processes (Goulding, 2016; Griffiths et al., 2016;
Jauzein, 2011; Turbé et al., 2010; Winiwarter and Blum, 2008). This widespread practice is much
more deeply rooted in our agricultural history than previously thought. It has also contributed to
structure ancient agrarian landscapes for several thousand years. The legacy on pedological
processes and edaphic ecosystems is still very important (Brasseur et al., 2018; Dambrine et al.,
2007), even on territories considered to be little impacted, such as circa. 1.6 millenia old forests
(Dupouey et al., 2002). More studies are needed to better measure the temporal depth of this
anthropic influence in order to better model the long-term influence on the evolutionary trajectories
of soils and associated ecosystems (Ewald, 2003). Still our results support the hypothesis of an

“alkaline soil revolution” at the Neolithic period, which primarily affected siliceous soils sensitive to

23



10

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

natural acidification due to humid climate conditions (Slessarev et al., 2016) when a limestone
substrate was present nearby. It is likely that this alkaline revolution deviated these acidic soils

durably from their natural evolutionary trajectory.
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