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1. Summary 

This report summarises the activities and accomplishments related to the project 

during the period April 2003 through February 2004. The main achievements during 

this period were: 

• Construction of an ArcInfo GIS containing photo-archaeological data on the 

Upper Thames Valley.  

• Modification and debugging of the CHILD software in order to make it 

suitable for geoarchaeological simulations of lowland meander-floodplain 

systems. 

• Write auxiliary visualisation software for displaying animations of floodplain 

evolution and the three-dimensional structure of the subsurface stratigraphy. 

• Conduct two sets of model experiments exploring the sensitivity of the model 

to key variables and scenarios of Holocene climate change. 

 

For the Holocene scenarios we followed a recent paper by Lewin and Macklin (2003) 

in which frequency by age analyses of terraces and paleo-meander bends across the 

United Kingdom was used to conclude that the preservation of alluvial units increased 

throughout the Holocene. They found a skewed frequency distribution with a higher 

number of younger units since the Neolithic and interpreted this pattern as the effect 

of increased sediment flux to fluvial systems by anthropogenic land-use. In addition, 

they argue that pronounced presence of some alluvial units, diverging from this 

general trend, correspond to short-lived Central European cold-humid phases (Haas et 

al., 1998). 

Model results confirm that the preservation potential of alluvial units is high in 

generally aggrading systems and that less than 20% of the stratigraphy is lost by the 
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reworking effect of meandering. However, the spatio-temporal complexities of the 

river meandering process make it difficult to correlate centennial climatic 

perturbations of the type recognised by Haas et al. (1998) to the preservation 

characteristics of the stratigraphy. The system’s response to perturbations in storm 

intensity or increases in overbank sedimentation rate is associated with time lags, 

which are normally longer than the time-scale of the climatic perturbation. 

Intensification of the mean storm rainfall rate for example decreases the volume and 

preservation potential of fluvial units deposited 500-1500 yrs after this perturbation. 

In addition, the effects of multiple perturbations interfere with each other and make 

discrimination of individual climate perturbations ambiguous. If this behaviour is to 

be expected for real systems it would make deduction of climatic variation based on 

simple tools such as fluvial unit – frequency plots almost impossible without 

independent evidence for climatic change. 

 

 

2. GIS database & data compilation 

We have compiled an archaeological geographic information system (GIS) on the 

Upper Thames Valley using standard ArcInfo software. Basic data layers in the GIS 

include a digital terrain model of the Upper Thames Valley with a resolution of 50 

meter (Figure 1) and information from Ordinance Survey maps. The digital terrain 

data in the GIS were used as surface boundary condition in the model simulations 

presented below. These simulations include a small study of historical hillslope 

erosion in the Uffington White Horse area (Figure 2) and a more extensive 

investigation of Holocene floodplain evolution linked to subsurface stratigraphy. 

The base data layers in the GIS are combined with an aerial photographic dataset on 

crop marks and archaeological landscape features, obtained from the NMR offices in 

Swindon. These photo-archaeological data are originally gathered and interpreted as 

part of the Thames Valley Mapping Project (Fenner and Dyer, 1994), but until now 

they were never combined within a modern ArcInfo GIS system. Two snapshots of 

the GIS are shown in figure 3, illustrating the density of crop marks within the 

floodplain of the Thames and on the more protected gravel terraces, further away 

from the river. The archaeological GIS could be made available on CD or the Internet 

via the project website but this requires permission of the NMR. 
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3. Methodology 

Simulation of channel migration and meandering 

All simulations in this study were performed used the CHILD model. CHILD is a 

distributed model of landscape erosion, sediment deposition, topographic evolution 

and stratigraphy accummulation (Figure 4). Many of the software modifications and 

improvements made to the model during this project were aimed at making CHILD 

suitable for geo-archaeological and stratigraphic simulations. 

In CHILD the landscape is represented by an irregular network of nodes, which is 

updated every simulation timestep using Delauney triangulation. This dynamic 

remeshing capability makes it suited for modelling complex forms such as meander 

bends and their gradual development over time. During the meandering process 

obstructing nodes are deleted while additional nodes are created to form point bars. 

The main principle applied in the meander model is called ‘topographic steering’ 

(Dietrich & Smith, 1983; Smith & McLean, 1984), which is based on the observation 

that secondary flows over the bed topography translate the eroding high-velocity flow 

in a channel laterally. This results in transfer of momentum and maximum shear stress 

towards the outer bank and downstream (Figure 5). The rate at which channel nodes 

are allowed to migrate is defined by the rate of bank erosion, which is proportional to 

this bank shear stress.  

ˆmigrationR E nτ=       (1) 

 

where E is the bank erodability coefficient, t the bank shear stress and n the unit 

vector perpendicular to the downstream direction. The bank shear stress t in a point 

‘s’ along the meandering channel is found by summing contributions of lateral force 

increments dFn generated by upstream nodes ‘ s’ ’ according to a Gaussian function. 
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where H represents the average flow depth. L the distance between an upstream 

segment s’ and the zone of maximum bank shear stress affected by its lateral force  

increment (e.g outer cut bank), and l and the shear stress-dissipation length scale.  
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The magnitude of a lateral force increment dFn depends on the lateral transfer of 

momentum qnV (Figure 5) from the inner half to the outer half of a channel segment 

ds and is defined as 

 

n ndF q Vdsρ=        (3) 

 

where r is the water density and the lateral unit discharge qn is given by the product 

of downstream flow velocity U and the change in inner-half cross-sectional area Acs  

 

 cs
n

dAq U
ds

= −        (4) 

 

The depth-averaged lateral velocity V in equation (3) is given by  

 

csdAUV
H ds

= −        (5) 
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Rewriting the equation (3) by substituting equations (4) and (5) holds the following 

expression for the lateral force increment, dFn  
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     (6) 

 

The planform meander geometry and evolution is controlled by two important length 

scales, l and L, present in equation (2) (Lancaster, 1998; Lancaster & Bras, 2002). 

The first length scale, l, represents the development of a rough turbulent flow 

boundary layer which will tend to dissipate and decrease a velocity gradient at a the 

outer bank and therefore the bank shear stress. Conceptually this dissipation length 

scale is related to bank roughness elements such as fallen trees or boulders, where 

higher values for l reflect smoother banks and tend to result in multibend loop 

formation (Lancaster and Bras, 2002). At moment no relation is established between 

l the dimensions of these elements, and l is assumed to be at the order scale of a 

channel width. The second length scale is the downstream lag ‘L’ and is calculated as 

the downstream distance travelled by water moving from one side of the channel to 

the opposite bank at lateral (U) and downstream velocities (V).  

 

UBL
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where b the segment width, hi is the depth at the inner bank. The bed topography used 

in equations (6) and (8) is approximated by a modified form of Ikeda’s (1989) 

equation for transverse slope 
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where ψ ’ is the dimensionless skin friction, k = 0.4 and d50 the median bed material 

size. In contrast to the previous model descriptions of meandering that use extensive 

formulations of flow hydraulics (Johanssen & Parker, 1989; Sun et al., 1996), the 

model applied here uses a combination of process-physics and rules (e.g. equation 2) 

because it is designed to operate at geologic time scales. It reproduces observed 

features of meandering, even those not reproduced by the more physically-realistic 

models, such as the formation of compound bends. Segments of the meander that 

move into adjacent positions create neck cutoffs as a result of the developed slope 

advantage. The effect of chute cuttoffs is not simulated. 

 

A more drastic form of channel relocation, avulsion, is also simulated by the model 

(Figure 6). Avulsions occur when the channel aggrades above the surrounding 

floodplain and it becomes increasingly advantageous for the channel to choose the 

high sloping route downwards into floodplain, especially during bank full stages. 

However, channel relocation by avulsion in the model is not always triggered by this 

‘super elevation’ process (Mackey & Bridge, 1995), but was frequently caused by 

errors in the dynamic remeshing algorithm. This problem was not anticipated while 

drafting the original project proposal, and unfortunately up to two months of time was 

dedicated solving the responsible bugs in the remeshing algorithm. 

Besides active channel meandering, CHILD simulates another process characteristic 

for a fluvial system; floodplain deposition. The modelling method applied for 

floodplain deposition is geometrical and based on the observation that floodplain 

sedimentation rate decreases exponentially with distance from the main channel 

(Howard, 1992; 1996; Mackey & Bridge, 1995). 

 

( ) ob
d

overbankdH W z e tλµ
 − 
 = − ∆     (11) 

 
where dHoverbank is the local vertical deposition increment on a floodplain node, m the 

deposition rate constant, lob is the distance-decay constant at which overbank 

sedimentation rate decreases to zero, and d is the distance between the active 

floodplain node and the nearest meander channel node. The floodplain model does 

take into the local topography by incorporating the difference between and maximum 

floodwater height W and the local floodplain elevation z. The maximum floodheight 
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W and the duration flood events, ∆t, is driven by a series of storms, which are drawn 

at random from a frequency distribution with user-specified mean values. (Figure 4b). 

 

 
 

For the purpose of modelling the subsurface and analyses of the preservation potential 

of the fluvial deposits, a subsurface stratigraphy module was added to the meander 

model, recording the spatial distribution of texture and ages of the fluvial sediments. 

For simplicity only two grainsize fractions are recorded in the stratigraphy during the 

meander simulations, sand deposited by the main channel and fines distributed by the 

overbank deposition routine (equation 11).  

In an earlier version of the model the stratigraphy was connected to the triangular 

irregular mesh. This data structure required repeated interpolation of stratigraphic 

stacks during relocation and addition of meander nodes in order to update the 

stratigraphy at new node positions. As a result of frequent node movement over the 
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mesh and the subsequent interpolation, the stratigraphic information was partially lost. 

The new statigraphic routine created in this study uses an auxiliary, static mesh to 

store the layer stacks and is of higher stratigraphic resolution (0.015-0.05 m). 

 

 

4. Visualisation results 

4.1 Visualisation of floodplain landscape evolution and subsurface stratigraphy 

An example of a modelled floodplain landscape is shown in figure 7, where the 

evolution of the meander channel is given in time steps 1500 yrs. The system starts of 

as an initially straight channel superposed upon a digital terrain model of a floodplain. 

Minor irregularities in the channel pattern at 500 yrs evolve to a set of complete bends 

at the verge of straightening by cut-offs at T = 3500 yrs. Around T=5000 - 6500 yrs 

the outlines of the main channel belt are delineated by the first abandoned meander 

loops. The contour lines within these loops and those flanking the active channel 

reflect the ages of the sediment deposited by the moving channel and are spaced 300 

yrs. The density of the contourlines is not uniform therefore record the differential 

rates of bend migration within the channel belt. The sediments within channel belt are 

partly reworked by growth of new bends and the complete pattern becomes more and 

more complex. The surrounding floodplain is gradually buried by overbank 

deposition and forms a slightly convex topography at the end of the simulation 

(Figure 8). In order to visualize the subsurface architecture of this meander-floodplain 

landscape at T=15000, a set of stratigraphic cross-sections were made (Figure 9). The 

positions of the section lines are indicated on figure 8. 

 

The cross-sections are composed of voxels of which the intensity of red corresponds 

to the fraction gravel in the layers (figure 9). Paleo-channel positions are indicated by 

red voxels, whereas the floodplain fines are represented by blue voxels. Timelines in 

the cross-sections (white) are spaced 500 yrs, and show the rapid aggradation 

throughout this simulation (1.0 m/kyr). Minor incision is recognisable close to the 

channel voxels and reflects the channel depth. The section parallel to the direction of 

flow reveals ‘U-shaped’ structures, which develop when a meander loop migrates 

through the line of section. Initially, a loop is visible as a point at the moment it enters 

the line of section. As the loop grows and migrates through the section line, the 

upstream and down stream branch are recorded. 
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Finally, both branches are abandoned abruptly due to an upstream cut-off and 

floodplain fines cover the paleo-channel positions. The U-shaped paleo-channels are 

deflected to the right, reflecting the downstream migration of the meander bends 

(Figure 9a & c). In stream perpendicular section the stratigraphic pattern is simpler 

(Figure 9b). Here the section is marked by a gradually shifting paleo-channel position, 

followed by abrupt channel relocation in the centre of the figure. This is the result of 

an upstream cut-off, not an avulsion. 

 

Another way of illustrating the subsurface structure of the model floodplain is by 

visualizing a selection of voxels. In figure 10 all voxels with a gravel fraction of 0.9 

and larger are shown with respect to the floodplain surface and the position of the 

river at the end of the simulation at T=15000. Clearly, these voxels are not uniformly 

interconnected and their distribution widens upwards towards the surface, a pattern 

that is indicative of the widening of the channel belt. Statistical analysis of voxel 

volume and connectivity, generated by a suite of simulations, could be used to for 

groundwater flow simulations and to aid predictions in gravel exploration.  
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5. Model runs set 1, sensitivity analysis 

5.1 Sensitivity to key variables 

A set of experiments is conducted to study the sensitivity of the river sinuosity to key 

variables in the model; the channel bed aggradation rate (Fig. 11a), the bank 

erodability (Fig. 11b) and the storm intensity (Fig. 11c). All curves in figure 11 show 

a steep increase of sinuosity for the first 4000-6000 yrs followed by a sawtooth 

pattern of sinuosity fluctuating around a mean of 2 to 3. This sawtooth pattern of 

gradual increase followed by a sudden fall in sinuosity, reflects the growth and 

straightening of bends within the meander belt. For low storm intensities this pattern 

has a clear periodicity of 1500 yrs (Pmean = 15m/yr, Fig. 11c). Furthermore, increasing 

the storm intensity, bankerodability and aggradation rate result in irregular 

fluctuations in sinuosity. This corresponds to a more complex channel pattern 

dominated by compound loops and stepped growth and straightening of bends and 

therefore superposed periodicities.  

 
5.2 Sensitivity to perturbation 

In the following two experiments (Figure 12) the meander system was run through an 

initial 5000 yrs start-up phase and the subjected to a short, 2000 yrs perturbation in 

the form of increased aggradation rate or storm intensity. The effects on the 

development of channel sinuosity and channel belt width are compared to a system 

that was not perturbed (e.g. control run) in figures 12A and 12B. Both temporal 

increases in channel bed aggradation rate and storm intensity result in a divergence of 

the sinuosity trends in the 1000 yrs after the perturbation. Only in the experiment with 

the raised storm intensity the sinuosity is already affected during the perturbation. 

The effect of storm intensity is evident in figure 12B, in which the growth of channel 

width accelerates during the perturbation phase but also in the 2000 yrs afterwards. As 

a result of this acceleration, the occurrence of cut-off events is earlier and their effect 

is amplified.  

 
 

 

 

 

 



 19

 
 

 

 

 

 

 

 

 

 



 20

 
 

 

 



 21

5.3 The effect of perturbation on the preservation potential of the stratigraphy 

The preservation potential of alluvial sediments is also affected by the perturbations in 

channel aggradation rate and storm intensity. Figure 13A shows the volume of 

sediment present the subsurface at T = 18000 yrs as a function of its age. Sediment 

ages are defined by grouping the sediments into fluvial packages with a lifetime of 

300 yrs. 

As result of channel bed aggradation rate the volume of sediment increases rapidly 

during the perturbation, but also in the subsequent 1000-1500 yrs. This increase in 

deposited volume reflects the delayed infilling of the floodplain topography as 

overbank deposition tries to catch op with the previous phase of rise of the channel. 

The storm intensity perturbation results in an increased in deposited volume, but also 

effects the preservation of units that are younger than the perturbation. Units with an 

average age of 7800, 9500 and 11500 yrs, are less well preserved in the subsurface at 

time = 18000 yrs. Their ages correspond with the post-perturbation acceleration of 

channel width increase (compare Figs. 12B and 13A). In order to verify that this 

effect reflects variability in preservation and not original deposition volume the 

preservation is also expressed as a ratio (Fig. 13B). This ratio is defined as the volume 

of a fluvial unit at T =18000, divided by the original deposited volume. Again, a 

reduction in preservation is indicated for the younger fluvial units deposited in the 

2000 yrs after the perturbation. The error in this particular graph is approx. 5% due to 

resolution of the stratigraphy. In the following experiments the resolution is increased 

and the error limited to less than 1%. 
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6. Model runs set 2, Geoarchaeology 

6.1 Geo-archaeological scenarios 

The model operates at Holocene timescales and was used to study the distribution of 

archaeological units at the surface and subsurface. An example is given in figure 14, 

where the accumulated stratigraphy in the subsurface is sliced horizontally and 

presented as maps showing the ages of the sediment at 0.5, 1.0, 2.0 and 3.0 meters 

below the floodplain. The ages of these sediments are grouped and coloured 

according to the standard archaeological timescale for the British Isles.  

For this experiment the model-starting surface consisted of a selection of the elevation 

model of a part Upper Thames Valley. An average Holocene sedimentation rate of 

this area of 0.25m /kyr was used to drive the channel bed aggradation rate.  

At a depth of 0.5 m, just below the plough depth, the floodplain is predominantly of 

Roman age and contains some patches of younger Saxon and Medieval deposits at the 

right-hand side. These linear patches follow the strike of the undulating topography in 

the floodplain. The 0.5 m depth slice reveals the position of a Medieval paleo-channel 

At 1.0 m depth the floodplain is dominantly Bronze Age and the linear patches 

striking perpendicular to the channel are Iron Age. 

All variables in the example of figure 14 were kept constant throughout the simulation 

and therefore the results of this experiment can be used for comparison to four 

additional scenarios characterised by more complex climatic histories (figure 15).  

In the first of these scenarios the storm rainfall intensity was increased from 10 to 

12.5 m/yr during distinct pulses, of which the duration and relative timing correspond 

to the Central European cold-humid phases of Haas et al. (1998), figure 15. All other 

important variables, such as overbank deposition rate µ, and channel aggradation rate 

were held constant at 0.20 and 0.25 m/kyr, respectively.  

In the second scenario the overbank sedimentation rate µ was raised from 0.20 to 0.30 

according to the timing of these phases, reflecting higher rates of sediment transport 

towards the floodplains during these wet periods. In the third scenario both the storm 

intensity and the overbank sedimentation rate were increased simultaneously. In 

addition, during this simulation the channel bed level of the river was raised 

artificially according to a stepwise increasing curve. The trend (Figure 15) is 

described by a slow channel bed aggradation rate during the Early Holocene (0.16 

m/kyr) and a moderate raise since Bronze Age (0.25 m/kyr), reflecting the onset of 
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land use in upstream catchments. An even higher rate of channel bed aggradation rate 
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(0.50 m/kyr) is applied from Roman times onwards, as this period is associated with 

the start of more efficient land use techniques, widespread erosion and high sediment 

flux to rivers (Lewin and Macklin, 2003). In the fourth and last scenario modelled the 

timing and duration of the European cold-wet phases was used to drive channel bed 

aggradation and incision rates. In this scenario high channel bed aggradation rates of 

0.8 m/kyr correspond to the wet phases, whereas moderate incision is applied during 

dryer periods (-0.2 m/kyr), except for the Roman and post-Roman.  
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The resulting distribution of average ages in the top layers of the floodplain is very 

different for the four scenarios (figure 16). The range of surface ages generated by 

scenario 1 is diverse, whereas the other scenarios show a dominance of one time slice 

on the floodplain. In scenario 2, the floodplain is relatively young and dominated by 

Medieval deposits, due to the last increase in floodplain sedimentation rate during the 

Little Ice Age (Figure 15). The dominance of Bronze Age in the surface of scenario 3 

is the effect of the increased channel bed aggradation rate from 0.16 to 0.25 m/kyr 

during this period. In the surface of scenario 4 the floodplain width is much narrower, 

and the surface shows more timeslices close to the channel. Again the Bronze Age 

sediments are pronounced, and also in this scenario this is caused by the high channel 

bed aggradation rate events during this period. 

 

The age maps were also made for the subsurface slices, figure 17. Depth-age maps for 

scenario 1 and scenario 2 are dominated by a combination of Roman and Saxon at 0.5 

m the below the floodplain and traces of Neolithic to Iron Age are exposed at the cut 

banks of the channel. The subsurface results of these two scenario are very similar, 

but in the subsurface of scenario 3 the first meter below the subsurface is much 

younger, due to the post-Roman increases of channel bed aggradation rate (Figure 

15). The opposite holds for the subsurface of scenario 4, where occasional phases of 

incision generated less complete sediment volume for the more recent period, and 

Bronze and Iron Age deposits can be found directly under the floodplain surface. Here 

the Roman and Medieval sediments are only present close to the channel. 

Another special nature of scenario 4 is recognisable in the preservation potential 

curves (figure 17). Most of the alluvial units accumulated during the course of the 

four scenarios have a high degree of preservation. Almost none of the alluvial units of 

scenarios 1, 2 and 3 are eroded or reworked for more than 20%, whereas in scenario 4 

especially the older units have a low preservation potential.  

An additional characteristic that can be read from theses curves that there is no clear 

correlation between the timing of the cold-humid phases applied, the development of 

the river sinuosity and the preservation potential of the sediments. Most likely channel 

response interference patterns prevent this. 

It can be concluded from the scenarios that for constantly aggrading floodplains, 

Holocene centennial scale variations in rainfall or overbank deposition supply are 

difficult to recognize in stratigraphic data (Figure 17) or preservation potential 
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statistics (Figure 18). Patterns generated by variations in channel aggradation rate and 

especially incision leave a much clearer mark on the stratigraphy. 
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Ultimately, the subsurface distributions of sediment ages generated by the model 

could be compared to a study of a real floodplain using sediment cores and dating 

techniques, in order to verify the algorithms and the input variables used in the 

scenarios. In cases where the model results seem to match observed subsurface data, 

these same model results might be used to aid further archaeological prospecting. This 

can be done in a straightforward sense by ‘following’ the matching depth-age maps, 

but also indirectly using transition matrices. These matrices summarize the probability 
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of finding a certain a timeslice in a given direction based on the known age of the 

sediment at a specific location. 

 

 

7. Dissemination of results 

The improved meander-floodplain model and the results of the experiments were 

presented at the American Geophysical Union Fall Conference, 2003 in San Francisco 

and at a conference on 3D stratigraphic modelling and prediction for the aggregates 

and oil industry in Utrecht, the Netherlands. The report and posters are available this 

week for downloading from the research website, together with a selection of key 

figures and animations for outreach purposes. Furthermore, a paper discussing the 

numerical method and experimental results has been completed and submitted to the 

Utrecht conference special volume. 
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