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ARTICLE INFO ABSTRACT
Keywords: Water transfers and processes governing the chemistry of groundwaters and clay pore waters were investigated
Tégulines Clay in the critical zone developed in Tégulines Clay in the area of Brienne-Le-chateau, at east of the Aube alluvium

Critical zone plain (France). A pit-digging campaign along two-stepped west-facing hillslopes along the Brevonne valley and

bs:iiczzis for the Aube/Brevonne paleo-valley gives evidence of a thin Quaternary clay silty and carbonate-free loams over-
Hydrogeochemistry lying Tégulines Clay, mobile regolith along the slopes and the presence of a carbonate alluvium layer in pits of

the Brevonne valley. Groundwaters at the first ridgetop attest of a temporary perched water table, while
groundwaters at top of Tégulines Clay along the first west-facing steep slope toward the Brevonne River provide
evidence of lateral groundwater transfers and runoff of waters toward the valley which is a discharge zone
belonging to the present-day Aube alluvium plain. Groundwaters have low concentrations of Total Dissolved
Solids (TDS < 600 mg/L) and are calcic-carbonate waters. Their 5'%0 and 8D of groundwaters are consistent with
local meteoric values. An 80 and D enrichment in groundwaters at the bottom of the second hillslope and in
waters from reservoirs indicates evaporation processes. The §'3Cgos of dissolved inorganic carbone in ground-
waters is essentially due to degradation of organic matter. The composition of the pore waters from Tégulines
Clay in boreholes are chemically heterogeneous and different from groundwaters. They are Ca-Mg-SO4-rich and
show a large range of TDS concentrations (592-6457 mg/L). The highest values are measured in the most
intensely weathered clay developed in the first 10-15 m under the first ridge top and the low east-facing slope of
the Aube/Brevonne paleo-valley. This latter seems to represent a large intermediate discharge zone between the
coarse ridgetops (recharge zones) and the current Aube alluvium plain. The 5'%0 and 8D of pore waters are
alined along the local meteoric water line, indicating that meteoric waters have diffused through the clay for-
mation during post-depositional history and replaced original connate seawater. On contrary the Sr/%%sr ratios
of pore waters remain almost similar to that of Lower Cretaceous seawater, suggesting a limited diffusion of Sr
since the formation deposition. Toward the top of the formation in the Aube/Brevonne paleovalley, major cation
and anion concentrations, 0 and D enrichment and a slight increase of the 87Sr/80Sr ratios suggest the diffusion
of evaporated waters. The 5'°C, 8180, 873r/856r ratios and 1*C activity of concretions at top of Tégulines Clay
show that they precipitated from evaporated old groundwaters, the oldest one at ~ 34 ky in the TPH2-1 pit at the
ridgetop of the second hillslope and a younger age of ~ 8 ky in the TV4-1 pit.

Multi-isotopic approach

1. Introduction in clay formation is an issue of primary importance both for the pres-
ervation of our natural environment and more specifically for long-term
The understanding of solute transport in critical zone (CZ) developed assessment of the efficiency of the sub-surface geological waste
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repository. Clay formations effectively act as a natural low-permeability
protective barrier preventing contamination of groundwater resources
due to extremely long time scales for groundwater flow and solute
transport, and to the capacity of clay minerals to fix cationic and oxy-
anionic toxic chemicals (Debure et al., 2018, 2020; Desaulniers et al.,
1981; Gaucher et al., 2006; Hendry et al., 2004; Hendry and Wassenaar,
2000; Mazurek et al., 2011; Mazurek et al., 2009; Remenda et al., 1994).

The study of the critical zone requires specific investigations of earth-
surface processes and water and solute transfers crossing time scales,
from geological times to “anthropic time”. To cross such scales need to
analyse present-day waters and the records of the water fluxes in the
geologic media (e.g., soils and sediments) with time. Interactions in CZ
between the marine reduced clay formation and surficial reservoirs
including the atmosphere that is an infinite oxygen reservoir, the hy-
drosphere and vegetation induce mineral, chemical, petrophysical and
mechanical changes in the clay formation, that influence pore water
chemistry and solute transfers (Bolton et al., 2006; Brantley et al., 2013;
Hendry and Wassenaar, 2000; Jin and Brantley, 2011; Jin et al., 2013;
Jin etal., 2010; Lerouge et al., 2018; Sullivan et al., 2016; Tremosa et al.,
2020; Tuttle and Breit, 2009; Tuttle et al., 2009). The reaction rates in
the CZ are the highest in the vadose zone and especially in the zone
where the water table varies. Indeed, the water slows the Oy migration
rate since the diffusion of gases is faster in the air than in water. In this
zone, complex and overlapping biogeochemical reactions occur that
require reactive transport modelling to be deconvoluted and reconciled
(Li et al.,, 2017, MacQuarrie and Mayer, 2005). Discrepancies are
frequently observed when trying to extrapolate laboratory data used for
modelling at the field scale (Tremosa et al., 2020; Maher et al., 2006;
Pacheco and Alencoao, 2006). Often, either field data used as input of
the models are acquired in constrained environments or modelling of the
field is restricted to some specific area of interest (Bao et al., 2017; Milesi
et al., 2020; Li et al., 2013). Such models remain often one-dimensional
models, conceptual models or focus only on a little part of the investi-
gated watershed (one borehole or several trenches of a few dozen of
centimetres) or on the major biogeochemical reactions (Bao et al., 2017;
Milesi et al., 2020; Li et al., 2013, Arizaleta, 2020; Mayer et al., 2015).
An important aspect of assessing the long-term efficiency of the near-
surface repository is developing a comprehensive understanding of the
hydrogeochemical functioning of the entire targeted area in the water-
shed, in order to define initial conditions of the disposal and to predict
water flows. For this reason, it remains essential to obtain the most
complete dataset (mineralogy, geochemistry, petrophysical properties,
and hydrogeology).

For a decade, Tégulines Clay, a low-permeability clay formation
outcropping in the area of Brienne-le-Chateau (north-eastern France)
has been investigated in the context of surface repository for low-level
radioactive waste by ANDRA (the French National Radioactive Waste
Management Agency). A multi-disciplinary approach has been applied
to core samples from boreholes of three successive drilling campaigns
through the clay formation to define the depth of the critical zone and
the key parameters controlling chemistry of Tégulines Clay pore waters.
A detailed petrological study based on major iron-bearing redox-sensi-
tive minerals (Fell: pyrite, siderite, ankerite, clay minerals) and on the
valence of iron combined with the petrophysical properties allowed
defining the depth of the CZ in the AUB1010 borehole and proposing a
first sketch model of the redox changes in the Tégulines Clay (Lerouge
et al., 2018). Oxidation in Tégulines Clay is characterized more by
progressive reactions than by a sharp redox reaction front. The oxidation
reactions extend down to ~20 m, depth corresponding to the transition
between a nonplastic to a plastic rock and the oxidation of diagenetic
glauconite pellets. A complementary gas monitoring (CO2, Oz, N», al-
kanes) on core samples of Tégulines Clay from AUB1010, AUB230 and
AUB240 boreholes, and carbon isotopes on CO, allowed defining the
consequences of weathering processes on gases dissolved in pore waters
(Lerouge et al., 2020). The dataset showed that the first < 10-12 m zone
of Tégulines Clay corresponds to a highly reactive clay influenced
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essentially by pyrite oxidation, calcite dissolution and degradation of
organic matter, and formation of iron-hydroxides (Le meur et al., 2021).
The 5'3C of CO, indicates that organic matter degradation was a major
source of CO4 at shallow depths and down to 10-12 m, which is the
maximum depth at which we observed fossil roots. All these data
constituted a first set of parameters for the building of a 1D vertical
solute reactive transport modelling through the Tégulines Clay (Lerouge
et al., 2018; 2020). However, hydrogeochemical processes remain
poorly constrained in the studied area.

The main objectives of this work were to further investigate hydro-
geochemical processes of CZ developed in Tégulines clay in the studied
area, based on hydrogeochemistry combined with a multi-isotopic
approach (8'3C, 8D, 520, 87Sr/%0sr and 'C). Such approach has been
developed at Susquehanna Shale Hills CZ Observatory (Sullivan et al.,
2016, and references therein). The new field campaign at east of Brienne
Le Chateau and Juzanvigny included boreholes and pits dug along two-
stepped west-facing hillslopes corresponding to the Brevonne valley and
the Aube/Brevonne paleo-valley, on the eastern side of the Aube allu-
vium plain. The campaign of pit digging aimed at examining the con-
version of Tégulines Clay into regolith and overlying sediments and
soils, the root network, downslope transport of mobile regolith, and at
sampling waters (rainfall, surficial reservoirs and groundwaters).
Additional deep boreholes (30 to 90 m) allowed sampling Tégulines Clay
through the CZ and below, in order to 1) define the variability of depth
of the weathering profile in the studied area, and 2) obtain Tégulines
Clay pore waters for hydrochemistry. Chemical analyses of pore waters
in claystones is challenging. It can be obtained either by squeezing of
samples (Fernandez et al., 2014) or by chemical pore water modelling
using Phreeqc (Gaucher et al., 2009; Wersin et al., 2016). First chemical
analyses of Tégulines Clay pore waters by squeezing are available in
Lerouge et al. (2018, 2020). In this paper, we completed the dataset by
pore water chemical data calculated with the Phreeqc model of Gaucher
et al. (2009) and already developed for Tégulines Clay in Lerouge et al.
(2020). The Pore water chemical model is based on anion leaching (CI,
SO?{ and NO3), measurement of exchangeable cations using the method
described in Hadi et al. (2016), the dissolved inorganic carbon (DIC)
obtained by core degassing (Girard et al., 2005; Lerouge et al., 2020),
and mineral assemblage (Lerouge et al. 2018). Hydrogeochemistry of
waters allowed characterizing the hydrochemical facies and mecha-
nisms controlling water chemistry, including water-rock interactions,
dilution and evaporation processes (Cherchali et al., 2022; Li et al.,
2013). Here we examined more specifically the role of the clay in-
terlayers as cation exchanger, according to Cloutier et al. (2008). The
multi-isotopic (83C, 8D, 820, 87Sr/%6sr and 14C) approach was applied
on waters to elucidate their origin and their age (Ferguson et al., 2020;
Sullivan et al., 2016). A similar multi-isotopic (6'3¢,'®0, 87sr/8%sr and
14C) approach was carried out on carbonate concretions which recorded
episods of the high reactivity of Tégulines Clay at the top of the
formation.

2. Geological setting and field campaign

The studied area is located in the area of Brienne Le Chateau and
Juzanvigny, in the eastern part of the Paris Basin (Fig. 1a). The Brienne
Plain is bounded to the north by the Chalky hills of the Cenomanian
(100.5 Ma to 93.9 My) from which flows the Voire River, a tributary of
the Aube River, and to the west and the south by hills carved by the Aube
river in the Tégulines Clay of Early Cretaceous age (145 to 100.5 My)
(Voinchet et al., 2015). The Aube River deposited five stepped fluvial
terraces in the alluvial plain of Brienne in relation to the major climatic
cycles throughout the Middle Pleistocene (780 000 to 125 000 yr;
Hatrival et Menillet, 2002; Voinchet et al., 2015). Currently, smooth
reliefs characterize the area of Brienne-Juzanvigny. The distribution of
the residual flaps of the five-stepped fluvial deposits indicates that the
present-day Aube river flowing in the middle of the plain has flowed far
away in the past (Voinchet et al., 2015).
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Fig. 1. (a) Geological map of the eastern part of the Paris basin and location of the studied area; (b) Geological map of the studied area with topology and location of
boreholes and pits; (c) Cross-section along the two stepped fluvial terraces, showing the lithology and the of reservoirs, pits and boreholes and groundwaters oc-

currences in pits. Zygy, is the altitude given in meters above mean sea level.

The main hydrologic reservoir of the region is a vast cone of sedi-
mentation which filled the Aube Valley and forms a wide alluvial plain
passing between Brienne-le-Chateau and Juzanvigny (Hatrival and
Menillet, 2002). Sediments consist of calcarous sands and gravels whose
thickness increases from upstream to downstream, and are covered by
loams. The Tégulines Clay forms the low-permeability substratum of this
reservoir. The Aptian Greensands underlying Tégulines Clay and Over-
lying Plicatules Clay form a captive aquifer (Hatrival and Menillet,
2002). The large lakes of the reservoir dams of the Paris city (“Seine”
and “Aube” reservoirs) are located in the southeast of the study area
(Fig. 14a). Thirteen ~ 5 m deep pits were dug, and five boreholes were
drilled in the area of Juzanvigny, to have a better knowledge of the
distribution of the Quaternary formations and the weathering profile
depths in the Tégulines Clay in studied area (Fig. 1b). Pits were dug in
October 2017 along two ridgetops (dotted red lines) and associated

hillslopes (dotted blue lines) on the eastern side of the present-day Aube
River valley (Fig. 1b and 1c). Eight pits were dug in grasslands (green
squares), two in croplands (orange squares) and three in forest (black
squares). Drainage has been installed in the 1980 s at about 1 m depth in
cropland in which the TPH1-1 pit and AUB230 borehole were drilled.
During digging, some groundwaters flowed in the pits. Those waters
were especially abundant in two pits located at the bottom of the first
hillslope (TV1-1 and TV1-2) where an alluvium layer released plenty of
water which flooded the pits more than a meter high (Fig. 2).

Two boreholes (AUB210, AUB230) entirely crosscut the three units
of the Tégulines clay formation (an upper carbonate-clay rich unit, a
clay-rich unit, and a clay-quartz rich unit) (Lerouge et al., 2018). The
AUB240 borehole drilled at the north of Juzanvigny in May 2018
crosscut several meters of Brienne marls before crosscutting ~ 70 m of
Tégulines Clay without reaching the Aptian Greensands. This borehole is
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Fig. 2. Lithological log of the thirteen pits along the two stepped fluvial terraces.

considered as the reference borehole for mineralogy, physical and
chemical properties of Tégulines Clay due to the overlying Brienne marls
that protect them from weathering. The AUB230 borehole, drilled in
place of the TPH1-1 pit on the first ridgetop in December 2017, entirely
crosscut ~ 63 m of Tégulines Clay before attaining Greensands at 68 m.
The AUB210 borehole, drilled in place of the TPH2-1 pit on the second
ridgetop in October 2018, crosscut ~ 76 m of Tégulines Clay before
attaining Greensands at ~ 84 m. The AUB260 and AUB270 boreholes
drilled in October 2018 are two 30 m-deep boreholes crosscutting the
weathering zone of Tégulines Clay. AUB260 is near the TPH2-4 pit on
the second ridgetop, whereas AUB270 is near the TV4-1 pit at the bot-
tom of the second hillslope, corresponding to the paleo-valley of Bre-
vonne/Aube River.

3. Sampling and methods

The soil, sediment and rock samples were regularly taken at least
every meter in 5-m deep pits. In boreholes they were taken every meter
down to 15 m, then every-five meters down to 30 m, and every ten
meters below 30 m in boreholes (Fig. 4). The samples were rapidly and
systematically conditioned on the field to limit the atmospheric contact.
Two types of conditioning were used:

1) Aluminum bags sealed under vacuum for mineralogy, water content,
chemical and isotopic analyses;

2) Glass jars under He pressure of 700 mbars for gas monitoring and
concentration (DIC) and isotopic composition of CO, dissolved in
pore waters.

Groundwaters flowing from the pit wall were directly collected in
small vials; vials were systematically filled to limit atmospheric contact
and maintained at temperature of ~ 4 °C.

Two reservoirs and rainfall were also sampled.

A multidisciplinary approach was applied to water samples and rock
samples. Water analyses included a measure of pH, alkalinity, major
anions and cation concentrations, their §'%0 and 8D, and C to
approximate their age. Rock characterization included petrology, min-
eral quantification, anion leaching, cation exchange capacity, sample
degassing to estimate DIC and measurement of %Sr/%Sr ratio of
exchangeable strontium. Calcite concretions were analysed for their
53¢, §'%0, and ®7Sr/%%sr ratio, in order to determine their origin, and

for 1%C, in order to estimate their age. The details of the collecting
procedure, sample preservation from oxidation are extensively
described in former papers (Lerouge et al., 2018; 2020). Analytical
techniques are given in the supplementary file SD1.

4. Results
4.1. Field observations

4.1.1. Hillslopes

The two hillslopes correspond from west to east to the present-day
west- facing hillslope of the Brevonne River and the old west-facing
hillslope of the Aube/Brevonne River (Fig. 1c). The Aube old valley is
characterized by near-planar slopes that are topographically asym-
metric, with slightly steeper (~4%) west-facing than east-facing (~2%)
hillslopes. The east-facing hillslopes are mantled with more variable
regolith than the west-facing hillslopes.

Tégulines Clay generally does not directly outcrop. Observations of
the thirteen 5 m-deep pits show that Tégulines Clay are covered by
Quaternary sediments then ~ 30 cm-thick soil (Fig. 2). The thickness of
Quaternary sediments varies from<1 m up to more than 5 m in the pits
TPH1-2, TV1-3, TPH2-3 and TPH2-5, where Tegulines Clay are not
reached (Fig. 2). Along both hillslopes, Quaternary sediments mainly
consist of yellowish silty clay loam with a few occurrences of overlying
beige sandy loam (<1 m-thick) at the top of the second hillslope (pits
TPH2-1, TPH2-4 and TPH2-5) (Fig. 2). Silty clay loam is relatively sticky
and characterized by manganese oxides-rich levels present at different
depths, and by a greyish network particularly developed in the first
meters in association with the system of living roots, but also dead roots
(Fig. 2). The silty clay loam directly overlies Tégulines Clay, except in
the TV1-1 and TV1-2 pits in the valley of the Brevonne River, where a
carbonate alluvium layer overlies in-place green and slightly decom-
pacted Tégulines Clay. That provides evidence of an erosion phase fol-
lowed by the alluvium deposit in the valley. In the TV1-2 pit, the
alluvium layer separates a ~ 3 m-thick slice of weathered Tégulines Clay
from the in-place Tégulines Clay. These two pits provide evidence of an
erosion phase followed by the alluvium deposit in the valley, and of local
sliding of clays along the slope later than carbonate alluvium deposit.

The top of Tégulines Clay corresponds to a change of colour from
yellow to light green-yellow (Fig. 3b, d), the presence of calcite (further
noted calcite transition) (Fig. 3g), and in some cases to slip surfaces
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(TPH1-1, TV1-4, TV4-3 and TV4-1; Fig. 3c). A layer of clay colluvium
covers Tégulines Clay in place in the TPH1-1 and TV1-4 pits (Fig. 2;
Fig. 3d). Yellow Tégulines Clay corresponds to oxidized facies contain-
ing some manganese oxides-rich levels (Fig. 3f) and iron hydroxides
(Fig. 3j). The thickness of yellow Tégulines Clay attains 4 m in the TPH2-
1 pit at the top of the second hillslope, and 1-2 m at the bottom of the
two hillslopes (TV1-1 and TV4-1 pits). Calcite is present as secondary
cm-sized concretions or a thin white calcite layer (Fig. 3; Fig. 3g, i). The
root network that crosscut Quaternary sediments also crosscut Tégulines
Clay down to 5 m depth (Fig. 3e).

4.1.2. Boreholes

The AUB240 reference borehole crosscut several meters of alluvium
before attaining the Brienne marls at 8.4 m and the Tégulines Clay at ~
20 m (Fig. 4). Tégulines Clay crosscut by this borehole is compact and
dark green and has a homogeneous aspect. The bottom of Tégulines Clay
is not attained in this borehole.

The AUB210 borehole drilled near the TPH2-1 pit crosscut ~ 1 m of
quartz sandy loam, then ~ 7-8 m of yellow silty clay loam before

Journal of Hydrology 617 (2023) 129077

Fig. 3. (a) Bottom of the soil pit; (b) TPHI-1 pit
through ~ 5 m-thick yellowish silty clay loam cross-
cut by a root network marked by a grey colour; (c)
Excavation of the TV4-3 pit showing yellow clay loam
overlying grey greenish Tégulines Clay; the top of the
clay formation is marked by a slide surface; (d) TV4-3
pit showing the lithological transition between surfi-
cial formations and Tégulines Clay; (e) sandy loam
observed in the TPH2-3 soil pit; (f) Manganese oxides;
(g) Carbonate concretions in the TPH2-1 pit; (h) layer
of nodules of manganese oxides at 2.9 m depth in the
TPH2-1 pit; (i) Carbonate concretions at the top of
Tégulines Clay in the TV4-3 pit (detail of the c image);
(j) Iron hydroxides (FeOx) at 4.25 m depth in the
TV4-3 pit. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)

attaining the top of Tégulines Clay (Fig. 4). Very rapidly, the Tégulines
Clay changes from ochrous to yellowish-greenish colour until ~ 14 m
and to greenish-grey until ~ 18 m. Below 18 m clay is compact and dark
green. The last ten meters are very dark green, and richer in glauconite
and silty quartz.

The AUB230 drilled near the TPH1-1 pit crosscut ~ 30 cm of brown
soil, ~5 m of yellow silty clay loam before attaining the top of Tégulines
Clay, marked by plastic texture and ochrous colour (Fig. 4). Tégulines
Clay changes rapidly from ochrous to yellowish-greenish colour until ~
11 m and to greenish-grey until ~ 20-25 m. Below 20-25 m clay is
compact and dark green. The last few meters are very dark green, richer
in glauconite and silty quartz. The bottom is marked by the presence of
phosphates.

The AUB260 borehole drilled near the TPH2-4 pit crosscut ~ 30 cm
of light brown soil, ~60 cm of quartz sandy loam, then ~ 5.3 m of yellow
silty clay loam before attaining the top of Tégulines Clay (Fig. 4).
Tegulines Clay is ochrous and plastic until 7-8 m, and changes pro-
gressively from ochrous to yellowish-greenish colour until ~ 10-11 m,
and to greenish-grey until ~ 13-14 m. Some roots are observed down to
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Fig. 4. Descriptive lithological log of the five boreholes of the 2018 drilling campaign and sampling (cross). On the right side, macroscopic view and microscopic
micrograph of samples characteristic of the different zones of the weathering profile in Tégulines Clay from the AUB230 borehole. Abbreviations: Glt, glauconite; Py,

pyrite; OM, organic matter.

10 m depth. Below ~ 13-14 m clay is compact and has a dark green
colour. Between 20 and 30 m, it is rich in carbonate bioclasts, pyrite and
phosphates.

The AUB270 borehole drilled near the TV4-1 pit crosscut ~ 30 cm of
light brown soil, ~60 cm of quartz sandy loam, then ~ 2 m of yellow
silty clay loam before attaining the top of Tégulines Clay (Fig. 4). Clay is
ochrous, plastic and contains carbonate concretions in the first 20 cm,
and rapidly changes from ochrous to yellowish-greenish colour at ~ 3 m
until ~ 11 m, and to greenish-grey and rapidly to dark green. A small
root is observed at 10.8 m. Between 12 and 30 m, Tégulines Clay is rich
in carbonate bioclasts.

The different zones identified in the weathering profile of the
Tégulines clay formation crosscut by the different AUB210, 230, 260

and 270 boreholes are almost similar, but their thickness varies from one
borehole to another (Fig. 4). The yellowish-greenish plastic reactive
zone, characterized by the intense oxidation of pyrite, and the presence
of iron hydroxides and gypsum, is the thickest in AUB230 and AUB270
boreholes. The greenish-grey plastic zone is the thickest in the AUB230
borehole and is limited to few meters in other boreholes. Below,
Tégulines Clay is compact and seems to be preserved from oxidation.

4.2. Sediment characterization
4.2.1. Surficial formations

It was sometimes difficult to make clear limits between yellow silty
clay loam, colluvium and top of Tégulines Clay on the field (Fig. 3d). The
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mineralogy of surficial formations and Tégulines Clay was characterized
in details in the TPH1-1 pit and associated AUB230 borehole.

Yellow silty clay loam of the TPH1-1 analysed by XRD consist of ~
61-70 wt% of quartz and 21-32 wt% of clay minerals with minor
plagioclase, K-feldspar and rutile. The clay fraction characterized by < 2
um XRD consists of kaolinite (31-39 wt%), smectite-rich illite-smectite
mixed layers (40-51 wt%), illite-mica (18-21 wt%) and traces of chlo-
rite-vermiculite.

In thin sections, quartz essentially occurs as numerous < 60 pym
detrital grains and coarse grains (100-400 um; Fig. 4). The amount of
coarse quartz grains varies from one pit to another. Clay mineral fraction
occurs as a yellow-brownish fine disseminated matrix but also as
brownish altered glauconite pellets resulting from Tégulines Clay and
possibly Greensands dismantling. Colluvium is free of coarse quartz
grains and is an agglomerate of Tégulines Clay roundish blocks showing
various states of alteration and impregnation by iron hydroxides. In all
the pits, some layers contain Mn oxides or are rich in iron hydroxides
that are not detected by XRD analyses.

Infrared spectra on all the samples show that carbonates are absent
from the surficial formations and revealed only the presence of quartz,
clays and iron oxyhydroxides such as goethite. The carbonate’s absence
was used as a tracer to determine the depth of the surficial formations.
The top of the Tégulines Clay is reached once the carbonates were
detected.

4.2.2. Tégulines Clay

The top of Tégulines Clay attained at about 5 m below the ground
surface, consists of plastic entirely oxidized claystone (57 wt% of clay
and 42 wt% of quartz-feldspar), with a brown network associated with
roots. XRD does not detect carbonates, but they still occur as rare re-
sidual calcite bioclasts. Gypsum and iron hydroxides entirely replaced
pyrite nodules and framboids. The clay fraction is highly rich in
smectite-rich illite-smectite mixed layers (77-84 wt%) with kaolinite
(14 wt%) and minor illite-micas (2-3 wt%) as illustrated in Fig. 5.

Below 5 m, the XRD quantification allows dividing the clay forma-
tion into three parts:

(1) a carbonate-clay rich unit, between 5 and 25 m, characterized by
an increase of the calcite content from 16 to 27 wt% toward the
surface, and by the lowest quartz — feldspar silty contents (20-31
wt%).

(2) a clay-rich unit, between 25 and 55 m, characterized by the
highest clay content (50-53 wt%), 4-8 wt% of carbonates and
lower quartz-feldspar silty content (32-41 wt%).

(3) a clay-quartz-rich unit, between 55 and 67 m, characterized by
high quartz — feldspar silty content (39-44 wt%) and low car-
bonate contents of 4-9 wt%.

Between 5 and 11 m, Tégulines Clay is yellowish-greenish, and
highly reactive; all the Fe-bearing minerals, including pyrite, glauconite
are partially oxidized, calcite gives evidence of partial dissolution, while
gypsum and goethite precipitate. Clay fraction approximatively consists
of mixing between kaolinite (34-37 wt%), illite-smectite mixed layers
(38-43 wt%), illite-micas including glauconite (22-25 wt%) with traces
of chlorite (<1 wt%) as illustrated in Fig. 5.

Down to a depth of 20-25 m, Tégulines Clay is -greenish-grey with
rare yellowish aggregates of glauconite that attest to tiny oxidation.
Pyrite does not show any sign of oxidation, and carbonates any visible
sign of dissolution. Clay fraction approximatively consists of mixing
between kaolinite (39-46 wt%), illite-micas including glauconite
(30-34 wt%), chlorite (17-18 wt%) with minor illite—smectite mixed
layers (6-10 wt%), and is similar to those defined in well-preserved
Tégulines Clay (Fig. 6a, b). Below 20-25 m until 67 m, reduced dark
green and compacted Tégulines clay are well preserved. The diagenetic
assemblage includes framboidal pyrite, calcite, glauconite and franco-
lite. Carbonates occur as detrital bioclasts including foraminifers,
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bivalves and micrite. The largest calcite crystals are present in the
carbonate-clay rich unit. The bottom of the clay formation is charac-
terized by the highest clay content (70-72 wt%), 27-29 wt% of quartz —
feldspar silty fraction and no carbonate.

4.3. Cation exchange capacity (CEC)

We measured cation exchange capacity on 68 samples from the seven
selected pits where Tégulines Clay was attained at 5 m depth (Fig. 6;
supplementary datafile SD2). Samples exhibit a large range of CEC
values between 4.4 and 36.9 meq/100 g (Fig. 6a). The highest CEC
values up to 37 meq/100 g characterize clay-rich slide surfaces and
associated colluvium in the TPH1-1, TV1-4, TV4-3 and TV4-1 pits, and
surficial formations overlying carbonate alluvium in the TV1-1 pit. Most
clay silty loams have CEC ~ 15-16 meq/100 g. Whitish sandy loam has
the lowest CEC values down to 2-4 meq/100 g. At the top of Tégulines
Clay, the CEC values are in the range of 18-21 meq/100 g. The lowest
values of ~ 12 meq/100 g are measured in Tégulines Clay of the TV4-2
pit. Although CEC values are heterogeneous, the cation distribution in
the clay exchange sites is almost homogeneous, with ~ 80 =+ 10 % Ca2*,
~10-20 % Mg?*, and minor K* and Na* (Fig. 6b).

Cation exchange capacity was measured on 54 samples from the four
boreholes where Tégulines outcropped or were near surface (AUB260,
AUB270, AUB210, AUB230) (Fig. 6¢; supplementary datafile SD2). Data
from the AUB1010 borehole drilled during the 2015 campaign were
added for comparison. The CEC values and cation distribution at ex-
change sites between 4 and 6 m are very similar to those measured at the
top of Tégulines Clay crosscut in pits (Fig. 6¢). Below this depth, down
to ~ 10-15 m, CEC values slightly decrease to attain homogeneous
values of 16 + 1 meq/100 g through the formation (Fig. 6¢). Cation
distribution in the clay exchange sites changes with depth, marked by
decreasing Ca®* and increasing Mg?", to attain a homogeneous distri-
bution where Ca®" represents ~ 56-58 % of the cations, Mg®" ~31-38
%, K" ~7-9 % and Na™ ~1.6-3 %. At the interface with Greensands in
boreholes AUB230, AUB210 and AUB1010, CEC values increase,
whereas the cation distribution does not change. Comparatively, the
average CEC value calculated on 9 samples in Tégulines Clay from the
AUB240 borehole that does not outcrop is 19 + 2 meq/100 g and the
cation distribution in the clay exchange sites is almost homogeneous,
with ~ 57 £ 1 % Ca?*, ~27 + 1 % Mg?", and minor K and Na™.

4.4. Waters

4.4.1. Natural reservoirs and groundwaters collected in pits

Waters were sampled in the reservoirs of “La Carpiere” and of “Le
Petit Etang” in the paleo-valley of the Brevonne/Aube (Fig. 1b, c). We
also sampled 11 groundwaters flowing in pits, when present. Their
chemical compositions are given in Table 1.

Groundwaters flowed in all the pits of the first hillslope and in the
TV4-1 pit at the bottom of the second hillslope below 3 m. The water
flow was important in the TV1-1 and TV1-2 pits, where carbonate al-
luvium layer was attained. In other pits, the water flow was very small.
Groundwaters have pH ranging between 7.4 and 7.9, low ionic strength
(Total Dissolved Solids -TDS: <600 mg/L) and are calcic-carbonate
waters. Groundwaters of the first slope collected in loam (TV1-3), in
carbonate alluvium/chalky gravels (TV1-1 at 3 m and TV1-2 at 3 m) and
at top of Tégulines in contact with carbonate alluvium/chalky gravels
(TV1-1 at 4.8 m and TV1-2 at 4.6 m) have similar chemical compositions
and TDS (509-588 mg/L). At the ridge top, groundwaters in the loam of
the TPH1-2 pit and at top of Tégulines Clay of the TPH1-1 pit have pH of
7.4-7.7 and lowest TDS (158-315 mg/L). The TDS at the top of
Tégulines Clay of the TPH1-1 pit is slightly higher due to high NO3
concentration (2 mmol/L).

Waters of the Carpiere reservoir and Le Petit Etang reservoir have
low TDS (<300 mg/L) and are calcic-carbonate waters.
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Fig. 6. (a) Profile of cation exchange capacity (CEC) of soils and sediments in function of depth in the seven pits where the top of Tégulines Clay is reached; (b)
Distribution of the major cations (Na*, K™, Ca®*, Mg?") at exchange sites in soils and sediments of the seven pits where the top of Tégulines Clay is reached; (c) CEC
and distribution of the major cations (Nat, K", Ca®", Mg®") in Tégulines Clay from the five boreholes of the 2018 drilling campaign. The AUB1010 is given for
comparison (Lerouge et al., 2018).

Table 1
Chemical composition of natural groundwaters collected in the pits and in reservoirs (*) of the study area.
Depth pH alkalinity Na® K" Ca* MgZt cr S0% NO3
m meq/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L
Petit Etang* 0.0 3.77 0.27 0.33 1.47 0.37 0.18 0.39 0.01
TV4-1 2.4 2.54 0.26 1.04 0.25 0.08 0.15 0.01
TV4-1 3.0 - 0.31 0.02 1.20 0.33 0.09 0.21
TV4-1 3.3 3.00 0.38 1.31 0.34 0.12 0.31 0.02
Carpiere* 0.0 2.57 0.31 0.10 1.31 0.23 0.30 0.29 0.08
TPH1-1 5.4 7.40 1.33 0.57 0.02 1.52 0.21 0.39 0.18 1.99
TPH1-2 3.2 7.54 1.33 0.77 0.58 0.10 0.32 0.14 0.15
TPH1-2 5.0 7.68 1.90 0.87 0.84 0.12 0.39 0.12 0.33
TV1-3 5.2 5.23 0.61 3.08 0.40 0.89 0.40 0.65
TV1-2 3.0 7.90 5.13 0.63 2.82 0.19 0.83 0.36 0.55
TV1-2 4.6 5.44 0.65 0.02 3.00 0.22 0.82 0.38 0.12
TV1-1 3.0 7.47 5.36 0.48 0.37 3.05 0.28 0.60 0.44 0.70
TV1-1 4.8 7.71 4.61 0.54 0.29 2.56 0.30 0.61 0.39 0.57
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4.4.2. Leaching — chloride, sulfate and nitrate anion concentrations in pore
waters of surficial formations and Tégulines Clay crosscut in boreholes
Anion leaching was realized on 144 samples from the 13 pits and 63
core samples from the five boreholes (AUB210, AUB230, AUB240,
AUB260, AUB270). The concentrations of leached anions (CI, SO%’ and
NO3) were measured in leaching of samples with MilliQ water at three
solid/water ratios (5, 10 and 20 g/L). They were correlated with solid to
liquid ratios, suggesting they were not controlled by mineral dissolu-
tion/precipitation and adsorption mechanisms. In that case, the anion
concentration in the leachate is linearly proportional with the solid/
water ratio, and the linear regression crosscuts zero, and can be used to
recalculate anion concentration of pore water in the clay sample as

. _ (Cieachea i-V/m) 1
follows: G = ® *anionaccessibility’
SO?{ and NO3), Cieached,i iS the concentration of the i anion in the
leachate, V is the volume (in L) of deionized water, m the mass (in g) of

dry powdered clay-rock and w the water content of the rock at saturation

where i is the anion species (CI,

(in kgwaterkg;,;whd). The anion accessibility in Tegulines Clay was esti-
mated close to 1 in Lerouge et al. (2018). Anion concentrations in pore
waters of all the samples are given in the supplementary datafile SD2.
Data from the AUB1010 borehole drilled during the 2015 campaign
(Lerouge et al., 2018) were added for comparison.

®

CI- (mmol/iL PW)

SO,#(mmoliL PW)
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The CI' concentrations in pore waters of soils, loams and top of
Tégulines Clay from 0 to 5 m are generally lower than 5 mmol/L, except
in the TPH2-4 pit where values reach 10-15 mmol/ L (Fig. 7a). Inferred
Cl’ concentrations in pore waters of Tégulines Clay are also low except in
the upper part (down to 15 m) of the clay formation in the AUB230 and
AUB1010 boreholes (Fig. 7b). The SO?{ concentrations in pore waters
are generally lower than 5 mmol/L in surficial formations, and then
slightly increase toward the interface with Tégulines Clay (Fig. 7a). The
SOZ concentrations are systematically high in the upper part of
Tégulines clay formation (down to ~ 15 m); the highest values are
measured in the upper part of Tégulines Clay from the AUB230 and
AUB1010 boreholes (Fig. 7b). Below 15-20 m SO%’ concentrations
decrease to values lower than 5 mmol/L. The NO3 concentrations in pore
waters of surficial formations and top of Tégulines Clay range between
0.01 and 18 mmol/L PW (Fig. 7a). Most of the values in pits dug in
grassland are lower than threshold value of 0.80 mmol/L. The highest
values are measured in the first meters of surficial formations in pits dug
in cropland (TPH1-1, TV1-1, TV4-1 cropland). The NO3 concentrations
in pore waters of Tégulines Clay are generally lower than 0.03 mmol/L
PW.

NO; (mmol/lL PW)
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Fig. 7. (a) Concentrations of Cl, S0%, NOj in pore waters of soils and sediments from the nine 5 m-deep pits; (b) Concentrations of Cl” and SO% in pore waters of
Tégulines Clay from the five boreholes of the 2018 drilling campaign. Anion concentrations are given in millimoles of pore waters (mmol/PW). The AUB1010 data

(black crosses) are given for comparison (Lerouge et al., 2018).
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4.4.3. Dissolved inorganic carbon (DIC) in pore waters

The sample-degassing protocol was applied to 94 core samples
collected in the five boreholes (AUB210, AUB230, AUB240, AUB260,
AUB270) and to 54 samples collected in pits. This sampling included
only 3 samples of s0il,19 samples of Quaternary loams and 126 samples
of Tégulines Clay. The monitoring of the partial pressure of the CO5 gas
(pCO3) was realized for each sample conditioned in a glass jar until a
steady state of the pCO, was reached (~2-3 months). The steady state
was not reached in soil; the pCO2 measured at the end of the monitoring
was conversed in mmole of CO5 produced per kg of soil. A steady state
was reached in Quaternary loams and Tégulines Clay; the pCO.
measured at the end of the monitoring was conversed into a DIC con-
centration given in mmole of CO5 per liter of pore water (PW) (sup-
plementary file SD1). An aliquote of each gas was analysed for the
carbon isotopic composition of COy (6'3Cco2). All the data are given in
the supplementary datafile SD2.

The 3 soil samples are characterized by high CO, production of
4.6-10.3 mmole/kg soil and the lowest 613CCOZ values (~-29 to —25 %o
PDB). The DIC was measured in pore waters of silty clay loam from the
TPH1-1, TPH1-2, TPH2-4, TV4-1 and TV4-2. The DIC concentrations
range between 0.7 and 6.6 mmol/L PW (Fig. 8a), and the 613CCOZ values
range between —24.6 and —19 %.PDB (Fig. 8b). The lowest concentra-
tions are measured in the pits at the top of the ridge tops (TPH1-1, TPH1-
2, TPH2-4), and the highest ones in the pits at the bottom of the second
hilslope (TV4-1 and TV4-2). The DIC concentration measured in pore
waters of Tégulines Clay in the five boreholes ranges between 0.3 and
11.6 mmol/L PW. The DIC concentration similarly varies with depth, in
all the boreholes (Fig. 8a). The DIC concentrationincreases rapidly up to
11.6 mmol/L PW from the top of weathered Tégulines Clay down to ~
10-12 m and then decreases to become almost constant below 20-25 m
(mean value ~ 1-1.5 mmol/L PW), whatever the borehole. The 613C(;o2
at the top of Tégulines is ~ -21 %o PDB and increases to values up to ~
-10 %o PDB below 20-25 m (Fig. 8).

4.4.4. Pore water chemistry modelling

We assessed the pore water chemistry in all the Tégulines Clay
samples from the pits and AUB240, AUB260 and AUB270 boreholes by
equilibration with the mineral assemblage, the DIC and the anion
(chloride and sulfate) concentrations and the clay exchanger, according
to the THERMOAR Phreeqc model developed by Gaucher et al. (2006;
2009) to model the pore water chemistry of Callovian-Oxfordian Clay,

DIC (mmol/L PW) 5'3C %.PDB
024681012 30 20 -10 O
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and already applied to Tégulines Clay in Lerouge et al. (2020). The
mineral assemblage was generally calcite-goethite-gypsum in Tégulines
Clay above 10-12 m and calcite-goethite-pyrite below. Pyrite or gypsum
were selected based on microscopic observations. Data are given in
supplementary datafile SD2.

4.5. Isotope geochemistry

4.5.1. Oxygen and hydrogen isotopes of pore waters

A sample of rainfall, surficial waters of the La Carpiere and Le Petit
Etang reservoirs, and the 11 groundwaters sampled in pits were ana-
lysed for oxygen and hydrogen isotopes (supplementary datafile SD2).
Rainfall has %0 and 8D of —7.6 and —50.8 %o vs SMOW. Surficial
Waters of the reservoirs show a high 20 and D enrichment with 580
and 8D close to ~ 0/-1 and —10 %o vs SMOW, indicating significant
evaporation processes (Fig. 9a, b). The 5'%0 and 8D of groundwaters
collected in Quaternary loams and Tégulines Clay from 5 m-deep pits of
the first hillslope are almost homogeneous, with values ranging be-
tween — 7.1 and — 6.6 %o vs SMOW, and between — 47.8 and — 44.6 %o
vs SMOW, respectively (Fig. 9a, b). They are slightly isotopically
enriched in '®0 and D compared to meteoric waters but are, however, in
good agreement with the local and global meteoric water lines (Klopp-
mann et al., 1998) (Fig. 9¢). The 5'80 and 8D of groundwaters collected
in Quaternary loams and Tégulines Clay of the TV4-1 pit, at the bottom
of the second hillslope, are significantly enriched in %0 and D compared
to meteoric waters, with values ranging between — 4.9 and — 4.2 %o vs
SMOW, and between — 38.5 and — 34.9 %o vs SMOW, respectively
(Fig. 9¢). The 8'80 and 8D of extracted pore waters from Tégulines Clay
of the AUB230 borehole ranged between — 8.1 and — 7 %o vs SMOW and
between — 57 and — 50 %0 vs SMOW, respectively (Fig. 9). They are in
good agreement with the local meteoric water line (Fig. 9c). The pore
waters 5180 and 8D at the bottom of the formation are close to Green-
sands waters (Bougligny) (Innocent et al., 2021) (Fig. 9c¢).

4.5.2. 1%C isotopes of groundwaters

The *C activity was measured in groundwaters of the ancient allu-
vium in the TV1-1 (4.8 m) and TV1-2 (3 m) pits and in groundwaters at
the top of Tégulines Clay on the ridge top of the first hillslope (TPH1-1 —
5.4 m), indicating that they are younger than 50 ky (Table 2). The 5!3C
of DIC of the three groundwaters are almost similar and ~ -12 %o. PDB,
the value of the natural environment. The 1*C activities correspond to

OM contribution (%) ng,-OM (mmol/L) Neoz-Cc (Mmol/L)
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Table 2

Carbon data of groundwaters: 5'°C of dissolved carbonates, G activity measured
carbon, oxygen and strontium data of calcite concretions: 5'>C and §'%0 of calcite,
carbon normalized taking into account 5% (pCM).

1998) are also reported.

and reported in % of modern carbon normalized taking into account 5'3C (pCM);
873r/86Sr ratios of calcite, and 1*C activity measured and reported in % of modern

TV1-14.8m TV1-23.0m TPH1-15.4m TPH2-11.1m TV4-14.2m

Sample type groundwaters groundwaters Groundwaters concretions concretions

5'3C (%0 PDB) - BRGM -9.3 -9.6

5'%0 (%0 SMOW) - BRGM 1+26.4 +26.3

875r/86gr 0.710199 0.707826

8'3C (%o PDB) — dating -12.3 -11.6 -11.9 -9.1 -7.3

Act '*C pcM 83.8+ 0.3 64.0 + 0.2 96.4 + 0.4 32.82 + 0.12 1.44 + 0.04

Conventional age *C 1420 + 30 3590 + 30 300 + 30 8950 + 30 34060 + 220
(an BP)

Calendar age

8259-8170 (50 %)
8117-7975 (46 %)

37143-36090 (100 %)

young ages of 1420 + 30, 3590 + 30 and 300 + 30 years, respectively.

4.5.3. Sron clay exchanger: concentrations and % Sr/%6sr

The concentration and 87Sr/®Sr ratio of exchangeable strontium
were measured in 35 samples in five pits (TPH1-1, TPH2-4, TV1-4, TV1-
1, TV4-1), including 4 soils, 19 samples of silty clay loam and 12 samples

of Tégulines Clay at the top of the formation, and 21 core samples from
the AUB230 borehole (supplementary datafile SD2). Soils are charac-
terized by the lowest concentrations of exchangeable strontium (0.2-12
ppm) and by the highest %7Sr/%sr ratios of 0.7091-0.7105. The
exchangeable strontium concentrations range between 2.5 and 42 ppm
in silty clay loam, and between 22 and 56 ppm at the top of Tégulines
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Clay from pits. The 8Sr/%Sr ratios of exchangeable strontium range
between 0.7085 and 0.7108 in silty clay loam, and between 0.7079 and
0.7084 at the top of Tégulines Clay from pits. In Tégulines Clay from the
borehole AUB230, concentrations of exchangeable strontium range be-
tween 259 and 1958 ppm and %Sr/%Sr ratios between 0.7074 and
0.7081. The profiles of concentration and 87Sr/%0Sr ratio of exchange-
able strontium in function of depth shows a decrease of the concentra-
tions and an increase of 7Sr/%Sr ratio from the top of Tegulines Clay
toward the surface (Fig. 10a, b).

4.5.4. Calcite concretions

Two concretions of calcite sampled in pits TPH2-1 at 1.1 m and TV4-
1 at 4.2 m were analysed for their 53¢, 5'%0, 87sr/%0sr and '“C
(Table 2). The $'3C and 80 of both concretions are very similar, ~ —9
%o PDB and ~ +26 %o vs SMOW. Conversely, their 8Sr/%0r ratios are
different: 0.71020 for TPH2-1 1.1 m and 0.70783 for TV4-1 4.2 m.

The *C activity was measured in both concretions, confirming that
they are younger than 50 ky. The 5'3C of calcite aliquot used for the age
measurement of the concretion TPH2-1 at 1.1 m is in good agreement
with the value we measured in our laboratory. Its '*C activity corre-
sponds to a young age of 8 ky for the concretion TPH2-1 at 1.1 m. The
513C of calcite aliquot used for the age measurement of the concretion
TV4-1 at 4.2 m is slightly higher than the value we measured at the
laboratory, indicating it probably contains a contribution of ancient
marine carbonate. Consequently, the age of this concretion is probably
younger than the age of ~ 37 ky estimated from the C activity.

5. Discussion
5.1. Pore water chemistry in the critical zone

Major ion chemistry of surficial waters and ground water combined

@

Sr (ppm)

0 200 400 600 800 ©-

80
© AUB230
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with local geology has been widely used to study subsurface hydro-
geochemical processes (Cherchali et al., 2022, Cloutier et al., 2008; Gao
et al., 2019; Kumar and James, 2016; Lakshmanan et al., 2003; Li et al.,
2013; Sun et al., 2021). Hereafter surficial waters, ground waters and
pore waters of surficial formations and Tégulines Clay of this study, as
well as available data of pore waters obtained by squeezing of Tégulines
Clay (Lerouge et al., 2018, 2020), were used to constrain hydro-
geochemical processes and water/sediment interactions at the scale of
the area.

Waters of the reservoirs in the paleo-valley and groundwaters
collected in pits of the first hillslope and at the bottom of the second
hillslope have low ionic strength (Total Dissolved Solids ~TDS: <600
mg/L) and are calcic-carbonate waters according to the Piper’s classi-
fication (Fig. 11a). Their low Mg/Ca ratios, significantly lower than 1,
their relative high alkalinity and 5'3C (~-12 %o PDB) are characteristic
of suboxic groundwaters (Bohlke and Horan, 2000). Water chemical
composition of the Carpiere reservoir is almost similar to that of
groundwaters of the first ridgetop (TPH1-1 and TPH1-2), while water
chemical composition of Le Petit Etang reservoir is almost similar to that
of the groundwaters of the TV4-1 pit in the paleovalley.

Tégulines Clay pore waters (squeezing and calculated) have chemi-
cal compositions and TDS different from those of groundwaters. They
are dominantly Ca-Mg-SO4-rich according to the piper’s classification
(Fig. 11b), and have significantly higher TDS than groundwaters and
loam pore waters. We reported Tégulines Clay pore waters in a Gibbs
diagram to illustrate their high variability of TDS (592-6457 mg/L) and
to relate them for determining major processes controlling their chem-
istry (Fig. 12a). Pore waters of unweathered clay crosscut in the AUB240
borehole have the lowest TDS (627 + 100 mg/L), associated with the
lowest CI” concentrations (1.3 mmol/L), DIC concentrations (1.5 mmol/
L) and SO‘Z{ concentrations (6.5 mmol/L). Pore waters in the lower part
of Tégulines Clay in the boreholes AUB210 and AUB260 are quite

b

87Sr /88Sr
MPIEHGPINPIN
PPN

O.J

Fig. 10. (a) Profile of concentrations of exchangeable strontium of sediments from 5 pits and the AUB230 borehole; (b) Profile of 878r/808r ratio of exchangeable
strontium of sediments from 5 pits and the AUB230 borehole. Data of the Tégulines Clay from the AUB1010 borehole are given for reference (Lerouge et al., 2018).
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Fig. 11. Ca2+-Mg2+-(Na++K+) and HCO§-SO§'-(C1’+NO§’) ternary diagrams showing the chemical composition of (a) surficial waters, groundwaters and pore waters
at top of Tégulines Clay, and (b) Tégulines Clay porewaters from the different boreholes (AUB230, AUB1010, AUB210, AUB260, AUB270).

similar to that of the AUB240 reference, and plot in the domain of
water-rock interactions of the Gibbs diagram for cations and anions
(Fig. 12a). Pore waters of the weathered Tégulines Clay in the ~ 5-12 m
zone (including the top of the formation) of all the boreholes exhibit
larger chemical variations than unweathered clay; they have the highest
TDS (2263-6457 mg/L) associated with the highest CI" concentrations
(up to 22 mmol/L), DIC concentrations (up to 11.6 mmol/L), and SO%’
concentrations (up to 77 mmol/L). Most of these pore waters also plot in
the field of water-rock interactions, excepted pore waters of the
AUB1010 and AUB230 that plot in the field of evaporation processes for
anions and out of the field for cations. At the top of the Tégulines Clay in
contact with loams, chemistry of clay pore waters tends to be richer in
Ca®" and in DIC, and is closer to that of loams.

The weathering intensity and the depth of the weathering profile
vary a lot along the two successive hillslopes separated by a small valley
that is the paleo-valley of the Aube/La Brevonne River (Fig. 13). Ac-
cording to the TDS spatial distribution, the most intense weathering
processes seem to have developed under the first ridge top and the low
east-facing slope of the Aube/Brevonne paleo-valley. On the ridgetop of
the second west-facing hillslope (AUB210, AUB260 boreholes), the
weathering intensity is lower, and pore waters are a little modified. The
increase of the ionic strength is associated with the combined increase of
the CI', DIC and SO concentrations. The increase of the Cl” concen-
trations is important in the paleo-valley between the AUB230 and
AUB1010 boreholes, while the DIC and SOF concentrations increase
more homogeneously in the upper part of Tégulines Clay down to ~ 12
m, and independently of the position in the slopes.

Here data provide evidence of a significant increase of Cl" concen-
trations in Tégulines Clay pore waters in the 5-12 m zone of AUB1010
borehole, AUB230 borehole and TPH2-4 pit and to a lesser extent in
Quaternary loam (TPH1-1) pore waters overlying Tégulines clay of the
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AUB230 borehole. The CI" enrichment affects Tégulines Clay to a less
extend below 12 m down to ~ 20-30 m in the two boreholes and
consequently affects quite all the thickness of the clay in the AUB1010
borehole. Because TPH1-1 pit, and AUB230 and AUB1010 boreholes
were drilled in cropland, a contribution of anthropogenic CI" coming
from fertilizers cannot be ruled out. However, based on the transport
parameters (porosity and permeability) of surficial formations and
Tégulines Clay (ANDRA, 2015), diffusion from the surface seems un-
likely to explain such high concentrations of chloride down to 20-30 m
in the two boreholes.

The enrichment in CI” of pore waters is correlated with high DIC and
SO7 measured in AUB230 and AUB1010 boreholes. This general
enrichment inducing high TDS could be attributed to an evaporation
process as shown previously in the Gibbs diagram for anions but not for
cations. Evaporation results in an increase of TDS concentrations at
constant Na™/Cl ratios. In our case, most of the CI" -rich pore waters in
AUB230 and AUB1010 boreholes show an increase of TDS concentra-
tions, but have a Na'/Cl ratio significantly lower than 1 (Fig. 12b),
giving evidence of other processes than evaporation. Evaporation pro-
cesses strongly suggest an ancient period of warm and dry climate. These
conditions favour the occurrence of ionic exchange during the recharge
of Ca®*-rich groundwaters in presence of clay minerals with high cation
exchange capacities (CEC), and Na™ on their exchange sites (Cloutier
et al., 2010). The negative correlation between Na'/Cl" and ca®t +
Mg>* highlights ion exchange processes (Fig. 12c). Two types of ion
exchange, normal and reverse, are identified by reporting pore waters in
a Ca?"+ Mg?* vs HCO3+ SO% diagram with a 1:1 mixing line (Rajmohan
and Elango, 2004). In our case, pore waters are on or above the mixing
line, towards the Ca?"+ Mg?" field, indicating that reverse ionic ex-
change processes are dominant (Fig. 12d), according to the following
reaction:
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Na™ + Ca (Mg)-Clay = Na-Clay + Ca%"(Mg?™).

The enrichment in sulfates in pore waters of Tégulines Clay in the
weathered zone down to ~ 12 m is consistent with the observation of
gypsum and iron hydroxides (ferrihydrite, goethite) in replacement of
early pyrite (Lerouge et al., 2018). The formation of such phases with
higher molar volume (ferrihydrite 34.36 cm® mol~; Blanc et al. 2012;
goethite 20.82 cm®mol~!; gypsum) than pyrite (23.94 cm®mol 1), and
containing variable amounts of water induces: 1) a volume expansion
that can contribute to the increase of porosity (Gu et al., 2020), but also:
2) a higher sensitivity to hydrometric conditions that can significantly
modify mechanical properties such as plasticity (Lerouge et al., 2018).
The increase of porosity and changes in mechanical properties induced
by the oxidation of pyrite are two major factors influencing water and
gas diffusion rates through the critical zone.

5.2. Natural isotopic tracers

5.2.1. Oxygen and hydrogen isotopes of waters

The Tégulines Clay pore waters below ~ 6 m lie next to the LMWL
and GMWL (Local and Global Meteoric Water Lines) (Kloppmann et al.,
1998), indicating that meteoric waters have diffused through the clay
formation during post-depositional history and replaced original
connate seawater (Fig. 9b). The 5'%0 and 8D of pore waters of
Tégulines Clay below 6 m are almost similar to present-day local
meteoric waters. The 5!%0 and 8D of pore waters at the bottom of the
clay formation are similar to those of the Greensands aquifer. Above ~
5-6 m, the 5'0 and 8D of groundwaters and Tégulines Clay pore waters
in the 5 m-deep pits of the first hillslope and in the TV4-1 pit at the
bottom of the second hillslope show an 20 and D enrichment.
Groundwaters of the first hillslope are near the LMWL, while ground-
waters of the TV4-1 pit plot along a line with a slope of 5.87 between
rainfall on the LMWL and the reservoirs of La Carpiere and Le Petit
Etang, indicating that groundwaters and reservoirs are affected by
evaporation processes. Groundwaters of the first hillslope are slightly
enriched in 10 and D, probably due to regular recharge by meteoric
waters.

5.2.2. Strontium isotopes of exchangeable strontium

Strontium isotopes, when coupled with Sr concentrations, are a good
monitor of geochemical processes in natural clayey formations (Lerouge
et al., 2010), and are also used to investigate the mixing of different
groundwaters (Négrel et al., 2001; Sullivan et al., 2016; Demonterova
et al., 2022). The 87Sr/8%Sr of exchangeable strontium is representative
of strontium in present-day pore waters of clay-rich formations (Lerouge
et al., 2010). In unweathered and slightly weathered Tégulines Clay
from boreholes AUB1010 and AUB230 below 12 m, 87Sr/%Sr ratio of
exchangeable strontium ranges between 0.7074 and 0.7075, with a
mean value of 0.707438 + 0.000034. This range of values is consistent
with the Lower Cretaceous seawater (Jones and Jenkyns, 2001), sug-
gesting a limited diffusion of Sr since the formation deposition. In
weathered Tégulines Clay, 87Sr/30Sr ratio of exchangeable strontium
slightly increases from 0.7075 to 0.7084 at the top of the formation. The
873r/865r ratios of exchangeable strontium of overlying silty clay loam
are 0.7085-0.7109. The decreasing of strontium content on the
exchangeable fraction at the top of Tégulines Clay coupled with the
increasing ®7Sr/%Sr ratio suggests a slight dilution of Téguline Clay pore
waters by groundwaters of overlying silty clay loam.

5.2.3. DIC, §*3C of DIC and carbonates and *C activity

The chemical contrast between groundwaters and pore waters in
silty clay loam, which are diluted waters, and Tégulines pore waters
indicate that DIC concentrations at the top of the Tégulines Clay down
to ~ 10-12 m are not due to diffusion of surficial pore waters into the
clays.

The DIC increases rapidly up to 10 mmol/L from the top of weath-
ered Tégulines Clay down to ~ 10-12 m and then decreases to become
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almost constant below 20 m (~1-1.5 mmol/L PW), whatever the
borehole. The 613Cc02 at the top of Tégulines is ~ -21 %o PDB and in-
creases to values of ~ -10 %o PDB at 15-20 m (Fig. 8). The highest values
are consistent with 8'3Ccoy calculated at equilibrium with calcite
(6'3Cco2-calcite ~ -10 %o PDB) (Lerouge et al., 2020). The large §'3Ccoz
range (-19.8 to —10.5 %o) of the weathered Tégulines Clay indicates a
mixed origin of CO, component internally controlled by the equilibrium
between pore waters and calcite (613CC02-calcite ~ -10 %o PDB), and CO,
release by the degradation of organic matter (513Cc02.organic matter ~ -29
%o PDB). We estimate the contributions (in %) of the organic matter
degradation (Xorganic matter) @and CO2 due to calcite equilibrium (Xcacite)
to DIC, and the corresponding concentrations nco2-OM and ncoz-Cc
given in mmol/L for each §'3Cgoy of clay sample (Fig. 8). The data give
evidence of a CO, peak due to organic matter at the top of the clay and a
CO; peak due to calcite equilibrium in the 5-12 m zone. This latter is
significantly higher than DIC in unweathered Tégulines Clay, in agree-
ment with the dissolution of marine carbonates, and more specifically
carbonate bioclasts, in highly reactive Tégulines Clay (Lerouge et al.,
2018).

It is noteworthy that in most of the pits where the loam/clay
boundary is accessible, secondary carbonates rapidly precipitated as a
fine calcite layer close to the boundary when the contact is stable, and as
concretions in Tégulines Clay when a slide plan separates clay from the
surficial formation. Rare secondary carbonates also precipitated in
cracks affecting loam at the ridgetop of the secondary hillslope (TPH2-
1/AUB210). The position of the secondary carbonates probably informs
on the water table limit. The morphology of calcite precipitates rather
depends on the sedimentary rock texture. A fine layer of calcite homo-
geneously precipitated in microporosity of top of the Tégulines clay
when rock microstructures were modified a few, and rock was weath-
ered a few. Concretions and precipitations in cracks precipitated in
sedimentary rocks when rock texture was highly modified by weath-
ering and dessication in unsaturated zone.

The 8'3C and §'80 of the concretions at the top (TPH2-1) and the
bottom (TV4-1) of the second hillslope allowed calculating 513C and
5180 of fluid from which they precipitated, using the carbon and oxygen
isotopic fractionations between calcite and water at 20 °C, respectively
2 %o (Deines et al., 1974) and 29.1 %o (Kim and O’Neil, 1997). The
5'3Cpuiq value of —11.5 %o PDB, the 5'%0gyiq value of —3 %o vs SMOW
and 87Sr/%%r ratios of the concretions show that secondary calcite
concretions are isotopically at equilibrium with groundwaters that were
affected by an intense evaporating process.The 1*C activity of both
concretions confirms their old ages, the oldest one at ~ 34 ky in the
TPH2-1 pit at the ridgetop of the second hillslope and a younger age of
~ 8 ky in the TV4-1 pit at the bottom of the hillslope. Even though high
DIC are well correlated in-depth with quite a recent mineral reactivity
and organic matter (OM) degradation, previous DIC profile chemical
modelling using Phreeqc program needed to take into account evapo-
ration processes in association with mineral and OM reactivity to
explain the high DIC values measured in AUB230 and AUB1010 bore-
holes (Lerouge et al., 2020).

5.3. Nitrates as tracer of anthropic activity

Natural nitrate concentrations in surficial and groundwaters are
estimated to 5 to 15 mg/L (0.08-0.24 mmol/L; Brenot et al., 2008). The
use of nitrogen fertilizers has significantly increased the diffuse nitrate
loading of surface waters and groundwaters in agricultural areas. The
regulatory limit for nitrate in drinking water is 10 mg/L as nitrate-
nitrogen (NO3-Nj), and is approximately equivalent to the World
Health Organization (WHO) guideline of 50 mg/L (0.8 mmol/L) as
NO3 (Ward et al., 2018).

Nitrate concentrations in all the Tégulines Clay pore waters from
boreholes are low and in the range of natural waters. Nitrate concen-
trations in loams overlying Tégulines Clay vary from site to site. Sig-
nificant high values (up to 18 mmol/L PW) are measured by leaching of
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soil samples of pits TPH1-1, TV1-1 and TV4-1 dug in cropland in October
2017, while in other pits dug in grassland, values rarely exceed the
regulatory limit for nitrate in drinking water (supplementary figure
SD3). Nitrate concentrations rapidly decrease below the regulatory limit
at ~ 1-1.3 m in the three pits dug in cropland. The decrease is faster in
the TPH1-1 and TV4-1 than in the TV1-1 pit which is the present-day
Brevonne-Aube valley. The 1-1.3 m depth corresponds to the depth of
the drainage system that was installed in the 1980’s and probably helps
nitrates to migrate to the discharge zone.

It is noteworthy that concentrations measured in waters extracted by
squeezing of core samples in December 2017 are lower than that ob-
tained by leaching of equivalent samples dug in the TPH1-1 pit in
October 2017, probably suggesting the contribution of a soluble nitrate
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form during leaching. Nitrate can act as an oxidant only if microor-
ganisms are present (Bosh et al., 2012) in the system that is likely at a
shallow depth where it reaches a maximum of 1.70 m and is barely
detectable below 2.40 m. Then, oxygen is the more abundant oxidant
and reaches its maximum at 5 m and is still present at 10 m (Lerouge
etal., 2020). The weathering is thus rate-limited by oxygen, especially at
the hilltop and to a lesser extent in the valley where the nitrate con-
centration can be much more important (~17 mmol/L at 5 m in
AUB1010 but not present anymore at 10 m).

5.4. Weathering profile and hydrology in the studied area

The studied area is very close and upstream of the hydrological chalk

Fig. 14. (a) Location of studied area and the hydro-
geological watershed of the Chalk; (b) Geological and
topologic map in which water flows are indicated. (d)
E—W profile through the CZ developed in Tégulines
Clay in which direction of water flow are reported by
blue arrows. The dashed zone corresponds to the zone
of weathered Tégulines Clay. 8D of waters are written
in red/orange italic. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)
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watershed extending from the reservoir’s dams to Pont-sur-Seine of the
Seine-Aube confluence (Fig. 14a) (Bendjoudi et al., 2002), Combining
fieldwork with petrological and geochemical data allows a better un-
derstanding the current hydrological system functioning at the scale of
the studied area. The variations of present-day topography and slope
angle influence the water flow direction, and flow accumulation, and
allow defining the recharge and discharge zones. The present-day
topography and the hydrographic network result from the successive
river banks developed later than the Oligocene-Eocene erosion surface
and associated with major climatic cycles during Quaternary. The age of
the lowest fluvial terrace (Fya) above the Aube major bed on the east of
the studied area is ~ 300-165 ky (Voinchet et al., 2015).

The pit-digging campaign in October 2017 provided evidence of
groundwaters in ~ 5 m —deep pits between the bottom of the second
hillslope and the bottom of the first hillslope near the Brevonne River.
The C ages of three groundwaters (TPH1-1, TV1-1, TV1-2) are lower
than 10 kyrs, and consequently younger than the last ice age. The
shallow groundwaters at the first ridgetop (TPH1-1 5.4 m) correspond to
a temporary perched water table that is favoured by the increase of the
clay content and particularly of smectite in the succession of Quaternary
clay loams and colluvium overlying Tégulines Clay, as observed in the
TPH1-1 pit/AUB230 borehole (Fig. 14b). Their youngest age of 300
years indicates that the ridgetop constitutes a current zone of recharge.
Rainfalls falling on this relief infiltrate Quaternary loams and laterally
flow for one part along the first west-facing hillslope of the present-day
Brevonne valley, and another part along the east-facing hillslope of the
Brévonne/Aube paleo-valley (Teles et al., 2004; Voinchet et al., 2015).
The steeper west-facing slope promotes landslide by gravity (TV1-1,
TV1-2), drainage and runoff of waters towards the Brevonne Valley,
which is a discharge zone belonging to the present-day Aube alluvium
plain and at a larger scale to the Seine-Aube confluence (Fig. 14a). The
groundwaters of the TV1-2 and TV1-1 pits were collected in carbonate
alluvium, corresponding probably to the ancient Aube Fya fluvial
terrace observed at the east (165-300 kyrs; Voinchet et al., 2015). Their
513C, 6!%0 and 8D are similar to that of groundwaters of the ridgetop,
suggesting that all the waters have the same origin, have evolved in the
same environment and are isotopically equilibrated with the carbon
system. The groundwater 580 and 8D are slightly enriched compared to
meteoric waters, corresponding to ~ 5-10 % of evaporation. However,
they are chemically different and older. Groundwaters of the recharge
zone are more diluted and less calcic than that of the slope and that of
the discharge zone, strongly suggesting water/sediment interactions
toward the discharge zone. In that case, we cannot neglect the possibility
of contamination of ancient carbon source (**C-free) increasing e age.

The almost flat morphology of the east-facing slope and the bottom
of the west-facing slope of the Brevonne/Aube paleo-valley is more
likely to collect stagnant waters that can invade the loamy horizon of the
paleo-valley during wet periods. The presence of small reservoirs such as
the “La Carpiere” and of “Le Petit Etang” reservoirs and the installation
of drainage in the cropland on the east-facing slope is consistent with
wetlands. The paleo-valley has an altitude slightly higher than the cur-
rent Aube/Brevonne Valley and is connected to the Voire Valley at the
north and the Brevonne Valley at the south. It does not belong to the
current Aube alluvium plain. However, its position at the confluence of
the two rivers is included in the Aube widespread floodplain invaded
during exceptional raining events, as attest by the deposits of quaternary
loams on the ridgetops, as well as silty loams of the studied area. The
5180 and 8D of reservoirs (natural or created for drainage) with values
evolving to seawater signature during the dry period (summer) are
significantly enriched compared to meteoric waters, indicating impor-
tant evaporation processes. The groundwater %0 and 8D collected in
the paleo-valley are probably a mixing between these evaporated wa-
ters, waters of the recharge zones and runoff waters during wet seasons
(autumn to spring). All these data rather suggest that the paleo-valleys of
the area represent large intermediate discharge zones between the
coarse ridgetops (recharge zones) and the current Aube alluvium plain.

18

Journal of Hydrology 617 (2023) 129077

6. Conclusions

A field campaign including twelve 5 m-deep pits and five deep
(30-90 m) boreholes was conducted in the area of Brienne-Le-chateau,
at the east of the Aube alluvium plain (France). The pit-digging
campaign along two-stepped west-facing hillslopes along the Brevonne
valley and the Aube/Brevonne paleo-valley showed that thin Quater-
nary clay silty and carbonate-free loams cover Tégulines Clay in all the
area. Their thickness varies between ~ 1-2 m on the upper part of the
hillslopes to 5-10 m on the top of the two east-facing hillslopes. Land-
slides of clay loams and Tégulines Clay displaced downslope. One meter-
thick layer of chalky gravel covers Tégulines Clay in the valley of the
Brevonne River. The pit digging also allowed collecting groundwaters in
~ 5 m —deep pits between the bottom of the second hillslope and the
bottom of the first hillslope near the Brevonne River. Groundwaters have
low TDS concentrations (<600 mg/L), and are calcic-carbonate water-
type. The distribution of groundwaters and their '*C ages provided ev-
idence of a current zone of recharge and temporary perched water table
at the first ridgetop, and recent lateral groundwater transfers and runoff
of waters along the first west-facing steep slope toward the Brevonne
River, which is a discharge zone belonging to the present-day Aube al-
luvium plain. The perched water table is favoured by the increase of the
clay and smectite contents in the Quaternary clay loams and colluvium
overlying Tégulines Clay. Groundwaters of the recharge zone are more
diluted and less calcic than that of the slope and that of the discharge
zone, strongly suggesting water/sediment interactions toward the
discharge zone.

Combined petrological and geochemical studies of Tégulines Clay
from deep boreholes showed that the weathering intensity and the depth
of the weathering profile vary a lot along the two successive hillslopes
highlighting the need to acquire data at the watershed scale to be able to
understand its 3D-functioning. The pore water chemistry of Tégulines
Clay differs from that of groundwaters. They are Ca?"-Mg?"-SO3 -rich
water-type and show a large range of TDS concentrations (592-6457
mg/L). The highest values are measured in the most intensely weathered
clays that developed in the first 10-15 m under the first ridge top and the
low east-facing slope of the Aube/Brevonne paleo-valley. On the
ridgetop of the second west-facing hillslope, the weathering intensity is
low, and pore waters are little modified. The Aube/Brevonne paleo-
valley could represent a large intermediate discharge zone between
the coarse ridgetops (recharge zones) and the current Aube alluvium
plain, included in the Aube widespread floodplain and invaded during
exceptional raining events. The high ionic strengths combined with high
5180 and 8D water values measured in Tegulines clay pore waters of this
paleo-valley suggest ancient important evaporation processes associated
with a cation exchange from the clay exchange sites. Finally, the data
obtained in the present study enable us to understand the flow paths of
the studied watershed, which is closely linked to the mineralogical
transformation. This helped to get a comprehensive description of the
major processes that will govern that watershed functioning.
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