Supplementary Material: Sand calcites as a key to Pleistocene periglacial landscapes

Thiry M., Innocent C., Girard J.-P., Milnes A.R., Franke C. & Guillon S.


Supplementary File 03
Supplementary data for isotopic composition of sand calcites in Paris Basin
Isotopic composition and age of sand calcite

Table 1 – Characteristics of sand calcites analysed for their isotopic composition. Assumed depth of precipitation means depth of sand calcite occurrence beneath the present-day plateau level. 14C accepted ages means that raw 14C ages >35 14C ka BP are suspected to contain dead carbon and have been discretionarily decreased to <35 ka. 
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6790

Chapelle-la-Reine, 77, Butteaux quarry in Calcaire d'Etampes transluscent -6.91 -4.46 5 100

no significant 

14

C actvity

6790 I

Chapelle-la-Reine, 77, Butteaux quarry in Calcaire d'Etampes - internal crystals transluscent 5 100

366

6790 I

Chapelle-la-Reine, 77, Butteaux quarry in Calcaire d'Etampes - internal crystals transluscent 5 100

343

6790 I

Chapelle-la-Reine, 77, Butteaux quarry in Calcaire d'Etampes - internal crystals transluscent 5 100

336

6790 I

Chapelle-la-Reine, 77, Butteaux quarry in Calcaire d'Etampes - internal crystals transluscent 5 100

336

6790 I

Chapelle-la-Reine, 77, Butteaux quarry in Calcaire d'Etampes - internal crystals transluscent 5 100

318

6790 I

Chapelle-la-Reine, 77, Butteaux quarry in Calcaire d'Etampes - internal crystals transluscent 5 100

295

6790 E

Chapelle-la-Reine, 77, Butteaux quarry in Calcaire d'Etampes - external crystals transluscent 5 100

282

6790 E

Chapelle-la-Reine, 77, Butteaux quarry in Calcaire d'Etampes - external crystals transluscent 5 100

253

6790 E

Chapelle-la-Reine, 77, Butteaux quarry in Calcaire d'Etampes - external crystals transluscent 5 100

249

6790 E

Chapelle-la-Reine, 77, Butteaux quarry in Calcaire d'Etampes - external crystals transluscent 5 100

244

6790 E

Chapelle-la-Reine, 77, Butteaux quarry in Calcaire d'Etampes - external crystals transluscent 5 100

239

6790 E

Chapelle-la-Reine, 77, Butteaux quarry in Calcaire d'Etampes - external crystals transluscent 5 100

175

8787

Larchant, 77, Gondonnières

quarry

in fossilifereous sand transluscent -3.57 -4.16 23 99 > 400

8587

Poligny, 77, vallée Glandelles

outcrop

vertical coalesced crystallaria crystallaria 40 32

no significant 

14

C actvity

8593

Poligny, 77, vallée Glandelles

outcrop

vertical coalesced crystallaria crystallaria -5.48 -5.67 40 33

no significant 

14

C actvity

8544

Poligny, 77, vallée Glandelles

outcrop

sandstone cement crystallaria -5.46 -5.58 40 33

8597 sbe

Poligny, 77, vallée Glandelles

outcrop

external light rim crystallaria -6.18 -5.35 40 34

8597 sbi

Poligny, 77, vallée Glandelles

outcrop

internal yellowish rim crystallaria -6.02 -5.46 40 37

2993

Poligny, 77, vallée Glandelles

outcrop

cemented structures (

 5mm x 50 mm)

crystallaria -5.45 -4.78 40 23

2997

Poligny, 77, vallée Glandelles

outcrop

crystallaria crystallaria -5.54 -5.71 40 35

2991

Poligny, 77, vallée Glandelles

outcrop

coalesced crystallaria crystallaria 40 33

2994

Poligny, 77, vallée Glandelles

outcrop

crystallaria (Ø 50 mm)

crystallaria 40 32

8853 Puiselet, 77, Mont Sarrasin

old quarry outer rim crystallaria -8.03 -4.14 25 42

8854 Puiselet, 77, Mont Sarrasin

old quarry core crystallaria -7.05 -3.67 25 41

8857 Puiselet, 77, Mont Sarrasin

old quarry external rhombs crystallaria -8.23 -3.76 25 33

8858 Puiselet, 77, Mont Sarrasin

old quarry internal, basal part crystallaria -6.77 -4.37 25 32

9010 sbe

Nemours, 77, les Courtins quarry horizontal slab, large external crystals crystallaria -6.37 -4.91 27 25

9011 sbbase

Nemours, 77, les Courtins quarry horizontal slab, smal basal crystals crystallaria -6.67 -4.83 27 26

9012 sbbase

Nemours, 77, les Courtins quarry elongated coalesced crystallaria, basal crystallaria -6.73 -4.29 27 35

9012 sbtop

Nemours, 77, les Courtins quarry elongated coalesced crystallaria, upper crystallaria -6.32 -4.72 27 24

9018 sb1

Nemours, 77, les Courtins quarry multilobed slab, crystallaria 1, internal crystallaria -6.77 -4.89 23 30

9018 sb2

Nemours, 77, les Courtins quarry multilobed slab, crystallaria 2, external crystallaria -7.11 -4.82 23 23

9018 sb3

Nemours, 77, les Courtins quarry multilobed slab, crystallaria 3 crystallaria -6.80 -4.72 23 22

9018 sb4

Nemours, 77, les Courtins quarry multilobed slab, crystallaria 4 crystallaria -6.51 -4.72 23 20

9018 sb5

Nemours, 77, les Courtins quarry multilobed slab, crystallaria 6 crystallaria -6.78 -4.64 23 23

9018 sb6

Nemours, 77, les Courtins quarry multilobed slab, crystallaria 5 crystallaria -7.19 -4.46 23 21

9018 sb7

Nemours, 77, les Courtins quarry multilobed slab, crystallaria 7, external crystallaria -7.31 -4.59 27 35

6793

Larchant, 77, Bonnevault quarry

light ocher colour 

crystallaria -6.30 -5.10 25 39 < 35

8940

Larchant, 77, Gondonnières quarry white rhombs crystallaria -7.86 -3.92 23 34 32

8941

Larchant, 77, Gondonnières quarry white rhombs crystallaria -7.27 -4.32 23 40 26

9021 sb1

Larchant, 77, Gondonnières quarry multilobed slab, crystallaria 1, external crystallaria -6.93 -4.83 23

9021 sb2

Larchant, 77, Gondonnières quarry multilobed slab, crystallaria 3, external crystallaria -7.44 -4.63 23 23

9021 sb3

Larchant, 77, Gondonnières quarry multilobed slab, crystallaria 2, externa crystallaria -7.04 -4.54 23 22

9021 sb4

Larchant, 77, Gondonnières quarry multilobed slab, crystallaria 6 crystallaria -7.66 -4.30 23 24

9021 sb5

Larchant, 77, Gondonnières quarry multilobed slab, crystallaria 4 crystallaria -8.09 -4.47 23 25

9021 sb6

Larchant, 77, Gondonnières quarry multilobed slab, crystallaria 5 crystallaria -7.33 -3.91 23 22

8931

Darvault, 77, Grande Garenne quarry  5 cm diameter crystallaria -7.04 -3.99 15 40 < 35

8994

Darvault, 77, Château quarry 10 cm diameter, yellowish crystallaria -7.04 -4.57 13 31

9086

Fontainebleau S, 77, Béorlots outcrop included in quartzitic sandstone crystallaria -7.34 -4.82 6 27

8930

Fontainebleau N, 77, Roche Eponge outcrop 2 cm diameter crystallaria -8.55 -5.23 3 40 < 35

8933

Fontainebleau N, 77, Grotte Cristaux outcrop included in quartzitic sandstone crystallaria -10.03 -4.97 4 24 < 35

8942

Fontainebleau N, 77, Grotte Cristaux outcrop included in quartzitic sandstone crystallaria -10.46 -5.48 4 39 33

9100

Fontainebleau N, 77, Gorges au Houx outcrop included in quartzitic sandstone crystallaria -7.26 -4.62 2 25

9101

Fontainebleau N, 77, Gorges au Houx outcrop included in quartzitic sandstone crystallaria -7.17 -4.50 2 22

8935

Darvault, 77, Château quarry 1-3 cm diameter balls spherolith -9.81 -5.66 13 14

8943

Larchant, 77, Gondonnières quarry small granules, above upper quartzite pan spherolith -9.13 -3.45 14 23 14

8965 sbbase

Fontainebleau S, 77, Roche Boules-1 old quarry 5 mm diameter balls, base of the slab spherolith -8.09 -4.03 6 22 25

8965 sbtop

Fontainebleau S, 77, Roche Boules-2 old quarry 25 mm diameter balls, coalescent, top slab spherolith -8.77 -4.57 6 20

9006 sbe

Fontainebleau S, 77, Roche Boules-2 old quarry 7 cm in diameter, external rim spherolith -9.65 -4.95 5 14

9006 sbi

Fontainebleau S, 77, Roche Boules-2 old quarry 8 cm in diameter, core spherolith -9.12 -4.94 5 15

8964

Fontainebleau S, 77, Roche Boules-3 old quarry 20-25 mm in diameter, coalescent spherolith -8.86 -4.76 6 18

8605

Fontainebleau S, 77, Roche Carrosse outcrop 1-2 cm in diameter, base of section spherolith -9.67 -4.68 8 23 31

8945

Fontainebleau S, 77, Roche Carrosse outcrop crystalline limestone, top section spherolith -9.70 -4.77 6 31

8948

Fontainebleau S, 77, Roche Carrosse outcrop crystalline limestone, middle section, ocher spherolith -9.14 -4.98 9 28

8950

Fontainebleau S, 77, Roche Carrosse outcrop 2-3 cm in diameter, toxards base of section  spherolith -9.39 -5.06 12 12

8955 sbe

Fontainebleau S, 77, Roche Carrosse outcrop 4 cm in diameter, rim of rhomb tips spherolith -8.48 -4.51 12 23

8956 sbi

Fontainebleau S, 77, Roche Carrosse outcrop 4 cm in diameter, core spherolith -8.94 -5.28 12 12

8937 Fontainebleau N, 77, Roche Eponge outcrop spath cemented sandstone spherolith -9.35 -5.44 3 36

8938

Fontainebleau N, 77, Fontaine Isabelle outcrop 2-5 cm diameter spherolith -11.05 -5.26 3 27

9096

Fontainebleau N, 77, Grotte Masques outcrop included in quartzitic sandstone spherolith -11.50 -5.53 3 22

8995

Fontainebleau N, 77, Cuvier Chatillon outcrop 9 cm in diameter, ocher, under limestone spherolith -8.39 -5.37 2 14

9003

Fontainebleau N, 77, Cuvier Chatillon outcrop white, porous, middle part of a pillar spherolith

-8.27

-5.22 8 20

32

9004

Fontainebleau N, 77, Cuvier Chatillon outcrop 8 cm in diameter, tight, towards the base spherolith -8.96 -5.23 8 21

9005

Fontainebleau N, 77, Cuvier Chatillon outcrop 10 cm in diameter, tight, base of a pillar spherolith -8.70 -5.16 8 18

5946

Rollot, 80, Prés de la Motte old quarry Bracheux Sand, 3-4 cm in diameter spherolith -10.40 -5.78 4 86 < 35

8607

Sourdun, 77, Montbron quarry Ypresian Sand, septaria, 6 cm in diameter spherolith -10.76 -4.61 4 97 < 35

8601

La Croix-sur-Ourq, 02 quarry

Auvers Sand, 5 mm granules, coalescent

spherolith -8.19 -5.28 10 11     9

8603

Grisolles, 02 quarry

Auvers Sand, 5 cm balls, coalescent

spherolith -9.20 -4.38 10 19 < 35

8604

Rozet-St Albin, 02 quarry

Auvers Sand, 1-5 cm balls, coalescent

spherolith -9.73 -4.24 10 17     7

8932

Crepy-en-Valois, 60 quarry Auvers Sand, granules, grape-like spherolith -9.60 -4.17 10 14 < 35

8939

La Croix-sur-Ourq, 02 quarry Auvers Sand, granules, grape-like spherolith -9.14 -5.24 10 18

9017

Nemours, 77, les Courtins quarry micrite and microsparite matrix lacustrine -6.13 -4.42 – 50

Thiry et al., 

2003 

Provins, 77,  drill hole chalk, micrite matrix marine 2.14 -2.17 – 97

366

failed to provide any isochron, 

probably due to leaching of the 

detrital fraction during sample 

preparation procedure.



Two reservoirs mixing model
Because sand calcites can acquire their carbon from several potential sources of non-atmospheric CO2 (amongst them organic matter and carbonate rocks), it is likely they may have a reservoir effect.  A graph of δ13Ccalcite values along a mixing line between two source end-members (calcite precipitated from soil CO2 and that precipitated from groundwater-dissolved host rock carbonate) provides a basis for estimating their relative contribution to sand calcite formation (Fig. 1).  For calcite formed from soil CO2 we used a δ13Ccalcite value of -12 ‰ VPDB, corresponding to soil dominated by C3 plants. Even though few C4 plants are found in northern France in the modern environment (Collins and Jones, 1986), significantly cooler conditions during the LGM should generally have precluded more C4 plants during glacial periods (Huang et al., 2001, Liu and Osborne, 2008). For calcite formed from DIC (Dissolved Inorganic Carbon) in groundwater, two types of host rock may be considered: (1) lacustrine limestones that frame the Fontainebleau sand formation and form the bulk of the Nappe de Beauce aquifer that discharges in the Fontainebleau Sand (Bariteau and Thiry, 2001); and (2) chalk that forms basal and distal parts of the Nappe de Beauce aquifer. For the former we chose as reference a lacustrine limestone that overlays the Fontainebleau Sand and which has a δ13C value of -6 per mil VPDB (sample 9017, Nemours, les Courtins quarry; Table 1): for the latter we selected a chalk recovered from a bore hole near Sourdun/Provins (about 50 km east of Fontainebleau) which has δ13Ccalcite value of +2.2 ‰ VPDB (Thiry et al., 2003). 

The CO2 derived from dissolution of old limestone no longer contains a 14C component, and thus has no activity. It is called dead carbon fraction (DCF) because it provides no contribution to 14C age determination. The measured 14C ages will be variously older than the true age of the sand calcites, depending on the proportion of dead carbon in the calcite. The proportion of carbon derived from soils (and surface water) and dead carbon derived from CO2 from the dissolution of lacustrine limestone can by estimated from the linear mixing model.  If calcite dissolution at the entrance to the aquifer is executed with atmospheric CO2, the DCF forms a maximum of 50% of the bicarbonate. But it may be higher if the bicarbonate is generated from old groundwater. Under the first condition, calcite derived from a soil end-member is considered to be devoid of dead carbon with DCF = 0 and that derived from the lacustrine limestone end-member formed only of dead carbon with a maximum DCF = 0.5.  Based on this, we estimated, roughly, that the dead carbon proportion could approach 50% in some sand calcite crystals. 

Lacustrine limestone and chalk reservoir mixing also affects the interpretation of δ13C values of sand calcites. δ13C values of the Fontainebleau sand calcites are scattered between the two end members (Fig. 1). Although almost all samples are contained between calcite precipitated from soil CO2 and that precipitated from CO2 from dissolved lacustrine limestone, a few sand calcite samples exceed the lacustrine limestone δ13C value. These may be interpreted as originating from: (1) lacustrine limestone with slightly higher 13C values than our single reference sample; or (2) groundwater influenced by the chalk aquifer mixed with the Beauce lacustrine limestone south of the study area. One sample (8787) that falls closer to the marine limestone δ13C is an old translucent calcite (U/Th age >400 ka) from a fossil-bearing marine beach-rock horizon within the Fontainebleau Sand in the Larchant section. This occurrence likely accounts for a marine inheritance and explains its singularity. The two other older calcites (translucent calcite n°6790 from Chapelle-la-Reine and sand calcite crystal n°8854 from Le Puiselet) plot near the lacustrine limestone end-member, confirming that age has probably nothing to do with the singularity of the above mentioned translucent calcite (8787). The distribution of δ13C values of Fontainebleau sand calcites below or just above the δ13C value of the lacustrine limestone reference, with a significant gap up to δ13C value of the chalk, probably means any influence of chalk is likely to be secondary to that of lacustrine limestone. 
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Figure 1 – δ13C values of Paris Basin sand calcites in relation to end-member forms of CO2.  Sand calcite δ13C values plotted on a ‘mixing line’ (equivalent x and y axes) between presumed end-members, soil CO2 (C3 plants) and chalk. The chalk δ13C value is distant from the sample grouping although a lacustrine limestone (9017) overlying the Fontainebleau Sand has a δ13C value consistent with a major contribution to sand calcite CO2 via dissolution in a local lacustrine limestone aquifer. The lower x-axis refers to the percentage of C3 plant CO2 contribution to the sand calcites and to estimated minimum dead carbon in sand calcites.  


Isotopic composition vs age of sand calcites
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Figure 2 - Relationship between age, isotopic composition and varieties of dated sand calcites. δ18O values show no relation with ages. δ13C values show three steps with highest δ13C values for the oldest samples which may correlate with greater depth of formation. Nevertheless, there are several samples that do not conform to estimated depth of formation, especially those from La Chapelle-la-Reine which are very shallow, as well as some from northern Fontainebleau area. This may indicate that these sites have been heavily eroded since formation of these sand calcites. 
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