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Pierik et al. (2018) Human-caused avulsion in the Rhine-Meuse delta before 2 

historic embankment (the Netherlands) DOI:10.1130/G45188.1 3 

This file contains data and processing details belonging to the paper ‘Human-caused avulsion in the 4 

Rhine-Meuse delta before historic embankment (the Netherlands)’. The first section provides details 5 

on the radiocarbon dating strategy for the course of events of the Hollandse IJssel (HIJ) and Lek 6 

avulsions. The second section treats the use of archaeological data in the paper. The last section 7 

provides details regarding the land-surface reconstruction at the time of the initiation of the avulsions.  8 

RADIOCARBON DATING 9 

In the main text, the formation of the Lek and HIJ and the abandonment of pre-existent river branches 10 

between 500 BCE and 1000 CE are discussed. The ages of these events followed from combined 11 

direct dating (of 14C dated samples) and relative dating (i.e. by tracing sedimentary layers and applying 12 

cross-cutting relationships). The Rhine-Meuse delta has a long research history in mapping and dating 13 

of the river network resulting in ca. 1500 14C dates of ca. 200 river branches. For overview 14 

compilations we refer to Berendsen and Stouthamer (2000) and Cohen et al. (2012). Dates collected in 15 

the 1970s to early 1990s were usually performed on larger volume bulk samples using conventional 16 

14C dating (e.g. Berendsen, 1982; Törnqvist and Van Dijk, 1993), whereas smaller volume AMS 14C-17 

dating of selected terrestrial botanical macrofossils has been common since the 1990s.  18 

We collected new AMS 14C-dates for the HIJ and Lek branches at various positions along the 19 

channel belt (Fig. DR1). We sampled the top of the peat just below the river clay as Terminus Post 20 

Quem (TPQ) dates, yielding the best approximation of river channel initiation. The fieldwork sites 21 

were located as close as possible to the channel belt, where a gradual (i.e. a non-erosive stratigraphic) 22 

boundary was observed between the peat and overlying clay. Prior to picking the interval to select and 23 

date macrofossils from, Loss-On-Ignition (LOI; e.g. Teunissen, 1990; Heiri et al., 2001) was measured 24 

over consecutive 1-cm intervals on subsamples, to measure mass percentage organic contents (insets 25 

in Fig. DR1). Those intervals that record increasing clastic input were selected for terrestrial 26 
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macrofossils sampling. Dates were calibrated using the IntCal13 curve of Reimer et al. (2013) in 27 

OxCal (Bronk-Ramsey and Lee, 2013). All dates are reported in standard calibrated form in YR 28 

BCE/CE with a 1σ range.  29 

The main calibrated radiocarbon dates used for the phases of avulsion in this study are 30 

visualized chronologically in Fig. DR2, together with their interpreted phases of avulsion related to the 31 

phases in Fig. 1 in the main text. Table S1 lists all dates regarded relevant for the dating of the HIJ and 32 

Lek branches, taken from past research, from our own fieldwork, and from previous archeological 33 

investigations. It includes dates directly relating to the onset of deposition (avulsion), as well as 34 

supporting dates that relate to older or younger stratigraphic levels, thus providing verification and 35 

support of the newly obtained dates. Where we rejected earlier collected dates as TPQ ages, our 36 

arguments for this are reported. Several conventional 14C bulk dates were rejected where newer 37 

obtained AMS dates indicate them to suffer from ageing effects. Rejected use also applies to some 38 

AMS dates, where they were collected from peat beds that suffered from recent oxidation. At such 39 

locations, we still used the LOI and age results to perform peat-surface reconstructions (see section on 40 

former peat surface reconstruction).  41 
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 42 

Figure DR1. Location of the radiocarbon sample sites (extended version of Fig. 1B of the main text). For the newly sampled sites the vertical 43 

position and calibrated age CE are indicated in a borehole log and LOI (Loss-On-Ignition - i.e. organic matter content) curve. White dashed 44 

rectangles indicate the extent of Fig. DR3. Numbers refer to radiocarbon dates in Table S1, letters to archaeological dates in Table DR2, Roman 45 

numbers to locations of surface elevation in Tables S3 and S4.  46 
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 47 

Figure DR2: Calibrated radiocarbon dates and the inferred phases of activity (red bars) of the Meuse sea ingressions (M), Hollandse IJssel 48 

(HIJ) and Lek, also shown in Fig. 1 of the main text. HIJ and Lek shortcuts indicate two local avulsions that occurred after the first 49 

connection. Numbers of the dates correspond to Table S4. 50 

TABLE S1. RESULTS, STRATIGRAPHY, AND MEANING OF THE 14C DATES USED IN THIS STUDY. NUMBERS CORRESPOND 51 

TO THE NUMBERS IN FIGS. DR1 AND DR2. 52 
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nr Sample name 
Lab code X/Y*) Lat./Long. 14C Age 

(YR BP) 

Calender age 

(YR BCE/CE) 

Type Stratigraphy Meaning Reference 

1 Snelrewaard  GrA-64318 122464 
448834 

N 52° 1’ 36.8’’ 
E 4° 54’ 47.3’’ 

2650 ± 45 829 BCE ± 38 AMS Top of the 
peat below 

clay HIJ 

oxidized, too old 
surface level 

reconstruction 
(HIJ) 

This study 

2 Over Oudland 
1 

KIA-43210 132740 
447000 

N 52° 0’ 39.3’’ 
E 5° 3’ 46.7’’ 

2560 ± 45 693 BCE ± 89 AMS Base residual 
channel Over 

Oudland 

Phase predecessor 
HIJ 

Bouman et al. 
(2012) 

3 Oudekerk 2 GrA-64321 103618 
439348 

N 51° 56’ 24.8’’ 
E 4° 38’ 23.9’’ 

2550 ± 70 659 BCE ± 105 AMS Top of the 
peat below 

clay HIJ 

oxidized, too old 
surface level 

reconstruction 
(M3) 

This study 

4 Schiedam 
volkstuinenco
mplex 

GrN-23225 84961 
436589 

N 51° 54’ 48.2’’ 
E 4° 22’ 9.3’’ 

2480 ± 50 640 BCE ± 72 Conv†) Top of the 
Holland peat 

TPQ Schie (M1) Moree et al. 
(2002) 

5 Oudekerk 1 GrA-64564 103618 
439348 

N 51° 56’ 24.8’’ 
E 4° 38’ 23.9’’ 

2390 ± 30 480 BCE ± 76 AMS Top of the 
peat below 

clay HIJ 

oxidized, too old 
surface level 

reconstruction 
(M3) 

This study 

6 Jaarsveld 1 GrA-67120 127420 
443380 

N 51° 58’ 41.3’’ 
E 4° 59’ 8.8’’ 

2265 ± 35 309 BCE ± 60 AMS Humic clays 
below clay 

Lek 

most likely 
erosive contact, 
too old surface 

level 
reconstruction 

(Lek) 

This study 

7 Nieuw 
Lekkerland 1 

GrA-64317 107533 
433761 

N 51° 53’ 25.3’’ 
E 4° 41’ 51.6’’ 

2260 ± 35 305 BCE ± 59 AMS Top of the 
peat below 
clay Lek 

oxidized, too old 
surface level 

reconstruction 
(M4) 

This study 

8 Willige 
Langerak 

GrN-08708 122402 
439900 

N 51° 56’ 47.8’’ 
E 4° 54’ 47.1’’ 

2220 ± 35 293 BCE ± 62 Conv†) Top of the 
peat below 
clay Lek 

TPQ Lek: 
Conventional, too 

old 

Berendsen (1982: 
136, 185) 

9 Rotterdam 
Blaak 2 

GrN-21282 93340 
437050 

N 51° 55’ 6.7’’ 
E 4° 29’ 27.4’’ 

2220 ± 30 294 BCE ± 61 Conv†) Peat below 
clay Rotte 

several dms 
below top 

M1/M2 TPQ Guiran (1997) 

10 Streefkerk 1 GrA-62966 112608 
436097 

N 51° 54’ 42.3’’ 
E 4° 46’ 16.0’’ 

2190 ± 30 275 BCE ± 57 AMS Top of the 
peat below 
clay Lek 

oxidized, too old 
surface level 

reconstruction 
(Lek/M4) 

This study 

11 Jaarsveld 2 GrA-67212 127420 
443380 

N 51° 58’ 41.3’’ 
E 4° 59’ 8.8’’ 

2190 ± 35 272 BCE ± 60 AMS Humic clays 
below clay 

Lek 

most likely 
erosive contact, 

too old 
surface level 

reconstruction 

This study 

12 Rotterdam St 
Jacobsplaats 
2 

GrN-22343 92820 
437720 

N 51° 55’ 28.1’’ 
E 4° 28’ 59.7’’ 

2190 ± 30 278 BCE ± 65 Conv2) Peat below 
clay Rotte 

several dms 
below top 

M1/M2 TPQ Guiran (1997) 

13 Ameide 2 GrA-62997 127453 
441165 

N 51° 57’ 29.6’’ 
E 4° 59’ 11.2’’ 

2160 ± 30 241 BCE ± 77 AMS Top of the 
peat below 
clay Lek 

oxidized, too old 
or distal part of 

flood basin clays. 
Surface level 
reconstruction 

(Lek) 

This study 

14 Rotterdam St 
Jacobsplaats 
1 

GrN-22444 92820 
437720 

N 51° 55’ 28.1’’ 
E 4° 28’ 59.7’’ 

2140 ± 30 222 BCE ± 95 Conv†) Top of the 
peat below 
clay Rotte 

M2 TPQ Guiran (1997: 30) 

15 Rotterdam 
Terbregge  

GrN-21279 95547 
441771 

N 51° 57’ 40.3’’ 
E 4° 31’ 19.9’’ 

2070 ± 30 101 BCE ± 46 Conv†) Top of the 
peat below 
clay Rotte 

M2 TPQ Guiran (1997: 30) 

16 Rotterdam 
Emplacement 
CS 

GrN-28992 91508 
437669 

N 51° 55’ 25.9’’ 
E 4° 27’ 51.1’’ 

2045 ± 40 66 BCE ± 59 Conv†) Top of the 
peat below 

clay 

M1/M2 TPQ BOORrapporten 
318 

17 Lange 
Linschoten 

GrA-62969 120955 
450321 

N 52° 2’ 24.6’’ 
E 4° 53’ 27.6’’ 

2000 ± 30 2 CE ± 34 AMS Top of the 
peat below 
clay Lange 
Linschoten 

HIJ TPQ This study 

18 Rotterdam 
Blaak 1 

GrN-21283 93340 
437050 

N 51° 55’ 6.7’’ 
E 4° 29’ 27.4’’ 

1990 ± 50 1 CE ± 52 Conv†) Top of the 
peat below 

M2 TPQ Guiran (1997: 30) 
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53    54 

clay Rotte 

19 Ameide 3A GrA-64635 127453 
441165 

N 51° 57’ 29.6’’ 
E 4° 59’ 11.2’’ 

1975 ± 30 24 CE ± 34 AMS Very top of 
the peat 

below clay 
Lek 

Initial crevassing 
Lek or distal part 

of flood basin 
clays. Surface 

level 
reconstruction 

This study 

20 Nieuwegein 2 GrA-64632 136246 
446378 

N 52° 0’ 19.7’’ 
E 5° 6’ 50.7’’ 

1965 ± 35 33 CE ± 40 AMS Base of the 
peat below 
clay Lek 

(-) TAQ older 
system, 

supporting date 
for sequence 

calibration (Lek) 

This study 

21 Lek GrN-08707 136212 
446375 

N 52° 0’ 19.6’’ 
E 5° 6’ 48.9’’ 

1950 ± 30 44 CE ± 30 Conv†) Top of the 
peat below 
clay Lek 

Lek TPQ, bulk too 
old 

Berendsen (1982: 
136, 185) 

22 Gouda 
Groenakker 

Ua-37219 109066 
445975 

N 52° 0’ 0.9’’ 
E 4° 43’ 5.9’’ 

1945 ± 35 50 CE ± 37 AMS Alder wood 
from top of 

the peat 
below clay 

HIJ 

M3 TPQ Eimermann et al. 
(2009) 

23 Gouderak  GrA-62970 107948 
445419 

N 51° 59’ 42.6’’ 
E 4° 42’ 7.6’’ 

1895 ± 30 113 CE ± 41 AMS Top of the 
peat below 

clay HIJ 

M3 TPQ This study 

24 Over Oudland 
2 

Poz-41826 132740 
447000 

N 52° 0’ 39.3’’ 
E 5° 3’ 46.7’’ 

1870 ± 30 144 CE ± 45 AMS Vegetation 
horizont 

under the clay 
HIJ or Lek 

Lek TPQ : 
possibly younger 

shortcut (local 
avulsion) 

Bouman et al. 
(2012) 

25 Nieuwegein 1 GrA-64240 136246 
446378 

N 52° 0’ 19.7’’ 
E 5° 6’ 50.7’’ 

1830 ± 30 183 CE ± 43 AMS Top of the 
peat below 
clay Lek 

Lek TPQ: 
possibly younger 

shortcut (local 
avulsion) 

This study 

26 Kleidek 
Hollandse 
IJssel 

GrN-07577 120702 
448637 

N 52° 1’ 30.1’’ 
E 4° 53’ 14.9’’ 

1805 ± 50 214 CE ± 73 Conv†) Top of the 
peat below 

clay HIJ 

HIJ TPQ: possibly 
younger shortcut 
(local avulsion) 

Berendsen (1982: 
136, 187) 

27 Schoonhoven GrA-62968 120993 
439623 

N 51° 56’ 38.5’’ 
E 4° 53’ 33.4’’ 

1715 ± 30 324 CE ± 44 AMS Top of the 
peat below 
clay Lek 

Lek TPQ This study 

28 Lexmond 2 GrA-64323 131974 
442570 

N 51° 58’ 15.8’’ 
E 5° 3’ 7.6’’ 

1515 ± 40 534 CE ± 56 AMS Roots Lek This study 

29 Lexmond 1 GrA-64319 131974 
442570 

N 51° 58’ 15.8’’ 
E 5° 3’ 7.6’’ 

930 ± 45 1104 CE ± 50 AMS Top of the 
peat below 
clay Lek 

Lek This study 

   *)X/Y are given in the Dutch coordinate system (Rijksdriehoekstelsel), position in meters. 
   †)Conv = conventional. 
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ARCHAEOLOGICAL RECLAMATION EVIDENCE 55 

We use archaeological artifacts to indicate zones of human activities in the landscape and link these to 56 

the timing of avulsion (Table S2). Evidence of habitation directly on the peat is known from multiple 57 

sites in the study area (labeled A, B, D, E, F, J in Fig. DR1), and humans were also abundantly present 58 

on tidal levee ridges bordering and penetrating the peatland (sites C, I, K in Fig. DR1). Along the 59 

Rotte tidal creek (M2; sites A, B, I-K), for example, habitation existed since the Iron Age (800 – 12 60 

BCE) on the tidal levees, and expanded into more distal positions on the peat during the Roman Age 61 

(12 BCE – 450 CE), after which local clay deposition occurred (Carmiggelt and Guiran, 1997). The 62 

expansions of habitation and clay cover took place into eutrophic wood peat areas close to the alluvial 63 

ridges (formed under high nutrient influxes supplied by tidal and fluvial floods), with mesotrophic to 64 

oligotrophic peat areas at a greater distance from the channels as nutrient sources (Markus, 1984; Fig. 65 

DR1). Fourteen culverts next to the creeks (9 in Fig. DR1, of which site D is located directly along the 66 

HIJ) date from this time of expansion (Ter Brugge, 2002). These water management works were used 67 

to drain the water from the reclaimed lands during low tide and to prevent water flowing in during 68 

high tide. They testify that shortly after peatland reclamation, people were forced to cope with a 69 

progressively lowering land surface. Human impact on the peatlands during the Roman Age was not 70 

restricted to the areas that were cultivated by digging ditches: swamp forest clearing to collect wood as 71 

building material may have affected additional areas of peatland (Van Dinter et al., 2014, Kooistra et 72 

al., 2013).  73 

In addition to the evidence above, we found regularly spaced, rectangular patterns observed in LiDAR 74 

and soil mapping of the study area, which bear further indication for human activity in the peatland. 75 

These are clay infilled dendritic creek-ridge networks connected to the main channels of the Meuse 76 

estuary (Fig. DR3). A prime example is the occurrence of creek ridges along the Alblas tidal channel 77 

(M5; Fig. DR3C), that nowadays lie somewhat higher than the surrounding land. This is due to relief-78 

inversion that had taken place because, compared to the silted up creeks, the surrounding peat soils 79 

were more prone to land subsidence (see also last section). Their presence is an indication that the tidal 80 

creeks developed as local ingressions during the Roman Age and Early Middle Ages, following pre-81 
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existent regular ditch networks dug in the Late Iron Age to Roman Age. Human presence in this area 82 

is supported by Roman archaeological sites on and along the Alblas main alluvial ridge (Louwe 83 

Kooijmans, 1974; Fig DR3C). Similar networks associated with Roman archaeological finds have 84 

been found in the southwestern Netherlands in the peatlands (Bennema et al., 1952; Vos and Van 85 

Heeringen, 1997; Pierik et al., 2017a). Similar regularly spaced, rectangular patterns of tidal creeks 86 

into peatland are also observed on either side of the downstream reaches of the HIJ and Lek tidal-river 87 

avulsed channels (M3 and M4; Fig. DR3A, B). However, a more natural development of the M3 and 88 

M4 creek ridges cannot be fully ruled out, since modern natural tidal environments may exhibit a 89 

similar rectangular planform arrangement of tidal creeks. 90 

 91 

Figure DR3. LiDAR images of the tidal creek patterns in the downstream part of the Hollandse IJssel (M3; A), Lek (M4; B), and Alblas (M5; 92 

C). Archaeological finds indicate Roman habitation on the creek ridges or directly next to them on the peat. Red arrows indicate remarkable 93 

straight ridges spaced on a regular distance pointing towards former reclamation ditches. Locations are indicated in Figs. 1B and DR1. 94 

  95 
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TABLE DR2. ARCHAEOLOGICAL DATES AND INDICATION OF HABITATION. 96 

Number Site name X/Y*) Lat./Long. Material Age†) Meaning Reference 

A Kralingen 95412 
438195 

N 51° 55’ 44.5’’ 
E 4° 31’ 15.1’’ 

Pottery on top of 
the peat 

3rd - 1st C 
BCE 

(i) Proof of 
habitation on top of 

the peat (on thin clay 
layer), (ii) TAQ 

Rotte (M2) 

Guiran (1996); 
Carmiggelt and Guiran 

(1997) 

B Terbregge 95533 
441782 

N 51° 57’ 40.6’’ 
E 4° 31’ 19.1’’ 

Pottery on top of 
the peat 

3rd - 1st C 
BCE 

(i) Proof of 
habitation on top of 

the peat (on thin clay 
layer), (ii) TAQ 

Rotte (M2) 

Moree and Van 
Trierum (1992); 

Carmiggelt and Guiran 
(1997) 

C Alblasserdam 105927 
 

429558 

N 51° 51’ 8.8’’ 
E 4° 40’ 29.8’’ 

Pottery on top of a 
channel belt 

ROM (12 
BCE-450 
CE) most 

likely 
before 270 

CE†) 

(i) Proof of 
habitation on a 

channel belt adjacent 
to the peat area (M5) 

Hallewas (1986: 305) 

D Capelle 
Middelwatering 

West 

99550 
437410 

N 51° 55’ 20.6’’ 
E 4° 34’ 52.1’’ 

Dam with 3 
culverts 

Begin 2nd 
century - 
begin 3rd 
century 

(i) Proof of 
habitation and water 
management on top 
of the peat, (ii) TAQ 

HIJ (M3) 

Jacobs et al. (2001); 
Moree et al. (2002: 
133); Moree et al. 

(2010: 127) 

E Capelle  
’s Gravenland 

98450 
436900 

N 51° 55’ 3.8’’ 
E 4° 33’ 54.8’’ 

Pottery (no 
context) 

ROM (12 
BCE-450 
CE) most 

likely 
before 270 

CE†) 

(i) Indication of 
habitation on top of 
the peat, (ii) TAQ 

HIJ (M3) 

Moree et al. (2002: 
133) 

F Gouderaksedijk 108750 
446500 

N 52° 0’ 17.8’’ 
E 4° 42’ 49.1’’ 

Pottery charcoal 
and wood on top 

of the peat 

ROM (12 
BCE-450 
CE) most 

likely 
before 270 

CE†) 

(i) Indication of 
habitation on top of 
the peat, (ii) TAQ 

HIJ (M3) 

Van Dasselaar (2006); 
Eimermann et al. 

(2009) 

G Over Oudland 132740 
447000 

N 52° 0’ 39.3’’ 
E 5° 3’ 46.7’’ 

Pottery under clay 
cover 

1st to 3rd 
century 

TPQ Lek/HIJ Bouman et al. (2012) 

H Ridderkerk-
Slikkeveer 

101550 
432630 

N 51° 52’ 46.7’’ 
E 4° 36’ 39.4’’ 

 ROM (12 
BCE-450 
CE) most 

likely 
before 270 

CE†) 

(i) Proof of 
habitation on a 

channel belt adjacent 
to the peat area (M5) 

Moree et al. (2002) 

I Rotterdam 
Wijnhaven 

93290 
437075 

N 51° 55’ 7.4’’ 
E 4° 29’ 24.7’’ 

Pottery (no 
context) 

ROM (12 
BCE-450 
CE) most 

likely 
before 270 

CE†) 

(i) Indication of 
habitation on top of 
the peat, (ii) TAQ 

HIJ (M1/M2) 

 

J Rotterdam 
Hoogstraat 

93080 
437400 

N 51° 55’ 17.9’’ 
E 4° 29’ 13.5’’ 

Settlement on top 
of the peat 

Middle of 
the 2nd 
century 

(i) Proof of 
habitation on top of 

the peat (on thin clay 
layer), (ii) TAQ HIJ 

(M1/M2) 

Carmiggelt and Guiran 
(1997); Moree et al. 

(2002: 133) 
Moree et al. (2010: 

132) 
K Rotterdam 

Spoortunnel 
92570 
437870 

N 51° 55’ 32.9’’ 
E 4° 28’ 46.5’’ 

 

Pottery (no 
context) reworked 

by the Rotte 

ROM (12 
BCE-450 
CE) most 

likely 
before 270 

CE†) 

(i) Indication of 
habitation on top of 
the peat, (ii) TAQ 

HIJ (M1/M2) 

Carmiggelt and Guiran 
1997; Moree et al. 

(2002: 108) 

   *)X/Y are given in the Dutch coordinate system (Rijksdriehoekstelsel), position in meters. 

   †)The bulk of roman finds in the Rhine-Meuse delta dates from early and middle Roman period (12 BCE – 270 CE). 

97 
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FORMER PEAT-SURFACE RECONSTRUCTION 98 

To assess the gradient advantage of the new rivers HIJ and Lek over their old course, we reconstructed 99 

the original peatland surface elevation at the time of initiation of the avulsion. Two phases of 100 

reclamation combined with sedimentation from the avulsion described in this paper, have resulted in 101 

considerable land-surface lowering. This first phase occurred locally in the Iron Age and Roman 102 

period – before the avulsions took place (see section above). Systematic reclamation of the entire area 103 

followed about 1000 years later – after the avulsions, from ca. 1100 CE onwards (e.g. Borger, 1992; 104 

De Bont, 2008; Erkens et al., 2016). Because of this, the depths of dated clay-on-peat contacts at 105 

sample locations need to be corrected before they can be used as indicators of former land-surface 106 

elevation.  107 

We used geomechanical insights on peat consolidation that led to surface lowering in response to 108 

water-table lowering and sediment loading (Schothorst, 1977; Erkens et al., 2016). The calculations 109 

reconstruct the state of the peat before consolidation took place, using field data on the current vertical 110 

position of the clay-on-peat contacts, age and type of the buried peat, and thickness of the overburden. 111 

Besides consolidation, oxidation above the phreatic groundwater level is an important component in 112 

peat loss. Field descriptions and LOI measurements on peat (Fig. DR1) already indicate whether 113 

oxidation has affected the top of the peat below clastic overburden. Peat then appears black and the 114 

organic content is relatively low (relative enrichment in clays after oxidation). Peat loss by oxidation 115 

causes a hiatus in the top of the peat leading to TPQ dates that are too old in Table S1 and peat loss 116 

cannot be directly quantified. It can, however, be estimated using surface level reconstructions derived 117 

from non-oxidized samples. Where the reconstructed elevation of these samples plots well below the 118 

reconstructed elevation based on the non-oxidized samples that retrieved younger TPQ ages, this age 119 

can indeed be attributed to a hiatus resulting from oxidation.  120 

Role of vegetation composition 121 

The vegetation composition of peat determines at what accuracy it can be related to an original 122 

groundwater level at the time the peat formed. The study area is dominated by woody peat types 123 

(Alnus and Salix) that indicate former presence of swamps fed by eutrophic Rhine floodwaters. These 124 
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peat types generally form around multi-year-averaged, mean annual lowest groundwater level (Den 125 

Held et al., 1992). At the time of formation, the Rhine-Meuse delta swamp peat surfaces are regarded 126 

to have followed a very gentle regional elevation gradient from central delta towards the coast 127 

(estimated at 2 to 5 cm/km; Van Dijk et al., 1991; Cohen, 2005; Koster et al., 2016a), around the same 128 

elevation as the mean-water surface in open river channels connecting the inland delta to the estuaries 129 

and sea. Along the edges of the study area, mesotrophic and oligotrophic mossy peat formed bog 130 

domes (Figs. 1B, DR1), and their elevation is estimated to have been 2-3 meter above that of the 131 

surrounding, irregularly flooded swamp peatland (Pons, 1992).  132 

 133 

Figure DR4. Reconstruction of the former peat level (Fig. 2C of the main text) using the current peat thickness, the calculated mechanical 134 
peat loss component and the estimated oxidation loss component for oxidized samples. For parameters see text.  135 
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Calculation procedure 136 

The past surface-level elevation was reconstructed by calculating the thickness of the pristine wood 137 

peat  (i.e. before the avulsions took place). This was done using the current peat thickness	 , the 138 

loss of peat thickness due to mechanical properties ∆ , and the loss of peat thickness due to 139 

oxidation between the moment the sample was taken and the moment just before the avulsion 140 

∆ 	(Eq. 1; Fig. DR4). This latter component could not be directly calculated; the oxidized samples 141 

(i.e. samples with a clear black appearance in their top) were used as a minimum surface level 142 

estimate.  was derived from borehole data on the site. ∆ 	was calculated using empirically 143 

derived relations between thickness of the current peat  and its geomechanical properties (Koster et 144 

al., 2016b; 2018; Eqs. 2-4). This was done using the void ratio (i.e. ratio between non-solid and solid 145 

components) of the current 	and pristine peat	 	(Eq. 2). For  a vertical stress of 3.7 kPa was taken 146 

as a typical value in fresh peat (Koster et al., 2016b). The current, compressed state void ratio 	of the 147 

peat was determined by its current vertical effective stress (σ’) exerted on the peat after its burial (Eq. 148 

3: Koster et al., 2018). σ’ was quantified in Eq. 4 by multiplying the combined thickness of 149 

overburden and the peat with standard values of lithology specific total stress per meter thickness (see 150 

below). Because groundwater in the pores counteracts the effective stress, the water pressure was 151 

subtracted for the saturated parts of the overburden. Overburden thickness (Toverburden) was derived 152 

from borehole data on the site. Thickness of the saturated overburden (Tsaturated) was derived from the 153 

groundwater level measured during coring or alternatively from the groundwater level indications on 154 

the soil map (Markus, 1984). Table S4 shows the calculation results. 155 

∆ ∆     (Eq. 1) 156 

∆ ∗ 1      (Eq. 2) 157 

  1.38	 	 .      (Eq. 3) 158 

  σ’ = (Toverburden* Sσ’SEDIMENT ) – (Tsaturated *
 Sσ’,WATER ) (Eq. 4) 159 

 with  160 
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  Tc = thickness of peat in compressed state [m] 161 

  ec = void ratio in compressed state [-] 162 

  ep = void ratio in pristine state [-] 163 

  σ’v = vertical effective stress [103 kg m-2 ] 164 

  Toverburden = thickness of overburden [m] 165 

 Sσ’ = Standard value total vertical stress per meter thickness [103 kg m-3],  166 

taken as 11 for peat, 15.1 for clay and 10 for water, as in Kruiver et al. (2017) 167 

The peat-surface reconstruction calculated using	 	and ∆  yields some errors regarding 168 

determining the surface level (E1), and sampling error of the depth of the top of the peat (E2). Both are 169 

assessed to be < 0.1 m. Additional error (E3) estimated at 0.6 m comes from errors in determining the 170 

current groundwater level and the base of the peat. The total maximal error of the reconstructed peat 171 

surface level due to compression is estimated at dx = = 0.53 m, and this value is 172 

indicated as the vertical range in Figs. 1B, DR4, and DR5. 173 

The surface-level reconstructions of the two peat samples without oxidation (∆  = 0 for XI and XV), 174 

were used for the gradient lines. This was supported by the sea-level downstream and the top of the 175 

levees adjacent to the peat area upstream (Table S3). The missing thickness of the oxidized peat could 176 

be roughly estimated by comparing the age and position of the oxidized and the reconstructed non-177 

oxidized surface level and the ground-water level rise at time of the peat formation. The time-178 

equivalent of the disappeared peat could be determined when comparing the dates inferred from the 179 

oxidized peat to dates without oxidation. For example, the top of the peat under flood-basin clay of the 180 

Lek was oxidized and dated at 200 BCE, while from other locations along the Lek non-oxidized peat 181 

yielded a date of 300 CE. This means that a hiatus of 500 years occurs in the oxidized sample. When 182 

plotted in Fig. 2C it appears that this time hiatus corresponds to approximately 0.5 meters (see also 183 

Fig. DR5 and Table DR4), which corresponds roughly to groundwater-level rise of ca. 0.6-0.3m/kyr 184 



14 
 

during the period when the peat formed between 3000 and 2000 BP (Cohen, 2005; Koster et al., 185 

2016a).  186 

Figure DR5: Reconstruction of pre-avulsion surface elevation along Hollandse IJssel and Lek courses (extended version of Fig. 2C). 187 

Upstream: mapped levee elevation (Roman numbers indicate codes in Table S3), Central: top of peat (Roman numbers indicate codes in 188 

Table S4), Downstream: tentative tidal incursion, increasing with tidal creek ingressive progradation from 200 BCE to 200 CE (Vos, 2015). 189 

Projected Old Rhine gradient after Cohen et al. (2012). 190 

TABLE S3. RECONSTRUCTED ALLUVIAL RIDGE SURFACE LEVELS BEFORE THE AVULSION OF THE ALLUVIAL RIDGES 191 

FLANKING THE PEATLAND ON THE UPSTREAM SIDE. 192 

Site name Code*) X/Y†) Lat./Long. Age§) 
Z surface  
(m msl) 

Levee 
elevation  
(m asl)#) 

Wijk bij 
Duurstede 

I 
150250 
444066 

N 51° 59’ 5.9’’ 
E 5° 19’ 5.0’’ 

800 BCE 4 3.9 

Beusichem II 
148610 
440028 

N 51° 56’ 55.2’’ 
E 5° 17’ 39.4’’ 

570 CE 4 3.8 

De Molenkampen III 
147535 
438800 

N 51° 56’ 15.4’’ 
E 5° 16’ 43.1’’ 

1343 BCE 2.8 2.5 

Culemborg IV 
145175 
441775 

N 51° 57’ 51.5’’ 
E 5° 14’ 39.3’’ 

2600 BCE 2.9 2.7 

Schalkwijk V 
141300 
442690 

N 51° 58’ 20.8’’ 
E 5° 11’ 16.2’’ 

2600 BCE 2.2 2 

Molenbuurt VI 
139620 
445380 

N 51° 59’ 47.8’’ 
E 5° 9’ 47.8’’ 

2250 BCE 1.78 1.51 

Hagestein  VII 
135900 
443493 

N 51° 58’ 46.3’’ 
E 5° 6’ 33.1’’ 

10 CE 1.78 2.5 

   *)Roman numbers can be found in Fig. DR1.  
   †)X/Y are given in the Dutch coordinate system (Rijksdriehoekstelsel), position in meters.  
   §)Ages from Cohen et al. (2012).  
  #)Levee elevation after Pierik et al. (2017b). 
 193 

 194 
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 195 

TABLE S4. RECONSTRUCTING PEAT SURFACE LEVEL BEFORE THE HOLLANDSE IJSSEL AND LEK AVULSIONS. 196 

Site name Code1) X/Y2) Lat./Long. 
Z surface 
(m msl) 

Groundwater 
level (m) 

Clay 
thickness 

(m) 

Current peat 
thickness (m) 

Reconstructed 
peat thickness 

(m) 

Z surface 
past  

(m msl) 

Years of 
peat 

oxidized3) 

Jaarsveld IX 
127420 

443380 

N 51° 58’ 
41.3’’ 

E 4° 59’ 8.8’’ 

0,45 0,8 1,3 2 2,9 0,05 ca. 500 

Ameide 1 X 
127453 

441165 

N 51° 57’ 
29.6’’ 

E 4° 59’ 
11.2’’ 

0,02 0,5 0,5 2,5 3,2 0,22 ca. 500 

Schoonhoven XI 
120993 

439622 

N 51° 56’ 
38.5’’ 

E 4° 53’ 
33.4’’ 

-0,6 0,6 0,8 4,5 6,08 0,18 none 

Streefkerk XII 
112608 

436097 

N 51° 54’ 
42.3’’ 

E 4° 46’ 
16.0’’ 

-1,7 0,6 0,65 5 7,53 0,18 ca. 550 

Gouderak XII 
107948 

445419 

N 51° 59’ 
42.6’’ 

E 4° 42’ 7.6’’ 

-1,7 0,9 1 5 7,2 -0,5 none 

Nw. 
Lekkerland 

XIV 
107533 

433761 

N 51° 53 25.3 

E 4° 41 51.6 
-1,55 0,4 0,6 3 3,73 -1,42 ca. 600 

Oudekerk XV 
103618 

439348 

N 51° 56’ 
24.8’’ 

E 4° 38’ 
23.9’’ 

-1,7 0,5 0,55 2,5 3,7 -1,05 ca. 750 

   1)Roman numbers can be found in Fig. DR1. 

   2)X/Y are given in the Dutch coordinate system (Rijksdriehoekstelsel), position in meters.  

  3)Difference between the inferred river age (from unoxidized top peat samples along the same river) and the age of the oxidized top peat sample. 
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