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Estuarine deposits

5.1

Introduction

This chapter investigates the possibilities for magnetic prospection on estuarine soils. The first section
is concerned with the detection of a specific group of archaeological features; peat extraction pits and
associated peat ties. Archaeological prospection by means of hand augering can be hampered by past
peat extraction activities, and the use of magnetometry in order to map disturbances in the peat layer
is assessed. The second section focuses on magnetic prospection on estuarine soils in general and on
the occurrence of large, strongly magnetic anomalies, which probably have a geological origin. In the
third section detailed mineral magnetic investigations are used in order to understand the iron
mineralogy of archaeological deposits on two archaeological sites on estuarine geology. Moreover,
the cause of the highly magnetic possibly geological anomalies is investigated here.

5.2

The mapping of a peat-extraction landscape1

5.2.1 Introduction
The use of peat for fuel or possibly for the production of salt in the past is a well known practice in
the western part of the Netherlands, and indeed in other countries where peat layers occur close to the
surface2. The process of peat excavation has had an enormous impact on the landscape. Most
obviously, land that was exploited for peat is now lower lying and wetter than adjoining unexcavated
areas. Because this subsidence and water logging of the land caused a problem for the stability of the
dykes, digging for peat was forbidden in some areas in the Netherlands in the Middle Ages and in
later periods (Van Vliet 2007).
For more than one reason scientists from different fields are interested in the geographical component
of peat excavation. This paper will start with setting out these reasons. Then the techniques that are
generally used to map past landscapes and their possibilities and pitfalls in the framework of a peat
exploitation landscape are discussed. In the core of this paper two geophysical techniques are
introduced that are less commonly used in the investigation of the historical landscape in the
Netherlands, and two case studies are presented. In the conclusions a combination of conventional and
novel techniques is proposed for the detailed investigation of this past landscape.
5.2.2 The problem
The process of turfing has left its traces in the landscape, generally the land has subsided and become
wetter, but on a smaller scale a number of features that relate to the peat extraction can be recognized.
These can be divided into three categories:
(i) peat ties; pits and ditches that were dug to excavate the peat from
(ii) barrow ways; rims of unexcavated peat that were left in place and were used as barrow ways or to
dry the peat on
(iii) water ways; canals and ditches that were dug to transport the peat.
1
2

This paragraph has been adapted from Kattenberg (2007) with minor textual alterations.
e.g. in the United Kingdom (Somerset, Wales), Ireland, and Germany. In the Roman period, Plinius already
writes about the use of peat as a fuel of the Chauci in northwestern Germany, the account reads: they fashion
the mud, too, with their hands, and drying it by the help of the winds more than of the sun, cook their food by
its aid, and so warm their entrails, frozen as they are by the northern blasts (Gaius Plinius Secundus,
Naturalis Historia XVI 1.1, translation John Bostock, London, Taylor & Francis 1855).
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Both historical geographers and archaeologists are interested in the lay-out of these features. Both
groups are of course interested in the human impact on the landscape, and mapping the traces of past
peat extraction can help to understand the process of turfing. But unfortunately the features that can be
associated with peat extraction can rarely be seen in the landscape; most peat exploitation landscapes
are covered with sediments from post-exploitation marine inundations. The sediments have filled the
negative features and generally flattened the relief.
There is another reason why archaeologists require detailed geographical information about past
turfing. In archaeology, information about past cultures is usually found in strata, occupational layers
in the ground. These layers can have been damaged or destroyed in the process of peat excavation
(Fig. 14).

Figure 14 Archaeological remains can be damaged by peat extraction. A: archaeological remains of habitation
in the upper levels of the peat layer are covered with clastic sediments; B: peat extraction has disturbed archaeological levels, but archaeological information is still preserved in the barrow ways; 1: clastic sediment; 2: peat.

An interesting situation occurs because an activity that is archaeologically interesting in itself, has at
the same time destroyed archaeological remains of earlier periods. All that is left of the archaeological
archive in a landscape that has been exploited for peat is contained in the unexcavated parts of the
landscape, and in most cases this is equivalent to the barrow ways.
The excavation in Ellewoutsdijk by the ADC (Sier 2003) showed how destructive turfing can be for
the archaeological physical archive, but also how much information can still be extracted from the
unexploited parts of the landscape. Here the remains of a Roman settlement that was heavily damaged
by Medieval peat extraction activities were excavated, but the damaged dataset still allowed for a
comprehensive analysis of the settlement, not in the least because of the excellent conservation of
organic materials in the peat. And here it seemed that the Medieval excavation was in a way
influenced by the earlier occupation, as the posts that were used in the Roman buildings were
generally left in place and barrow ways were made in their surroundings (Fig. 15). The excavation of
the large timbers probably cost too much time and effort for the Medieval peat diggers.
Most peat extraction activity was ad hoc and small scale, individuals or small groups cut peat as it
was needed, and an over-all organization of the location, dimensions and orientation of the peat ties
was often not present. This has resulted in a very irregular and patchy appearance of the traces of peat
exploitation in many places (Fig. 16), and for this reason the lay-out of the features is difficult to
predict.
If non-destructive archaeological prospection methods can be used to investigate the landscape,
elements from the historical geographical landscape can be mapped, and, from an archaeological point
of view, the potential for the presence of archaeological remains can be assessed.
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Figure 15 A row of posts from a Roman building is left in place by the Medieval peat excavators. Photo from
archaeological excavation Ellewoutsdijk (ADC Archeoprojecten). From Sier 2003, with permission.

Figure 16 An example of the irregularity of the peat ties from which the peat was extracted. Most peat extraction was ad hoc and small scale. An example from Gwent, Wales.
(http://www.ggat.org.uk/excav_A559_gwent%20euro%20(wilkinsons).htm on 14/11/2005).

This section investigates new methods to map the past landscape in a non-destructive way. As far as
the author is aware, there are no other examples of the use of geophysical methods to map peat
extraction in The Netherlands or abroad.
5.2.3 Methods for the investigation of former peat extraction
Historical maps and documents can give information about the location of areas where peat extraction
has taken place in the past, and in some cases waterways and roads that can be associated with the
exploitation of the peat landscape can be recognized. Individual peat ties or barrow ways, however,
will generally not have been mapped in the past, and it is these features that both archaeologists and
historical geographers are interested in for reasons outlined above.
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Traditionally, there are three methods that can be used for the investigation of the features that are
associated with peat extraction; excavation, remote sensing and hand augering.
A full archaeological excavation of a landscape that has been disturbed by past peat extraction will
yield the most detailed information about the way that the landscape and the resources within it have
been used in the past. Geographically, excavation will give information about the size, location and
orientation of the individual peat ties and the water and barrow ways in between. A high level of
detail of the infor-mation that is collected can be achieved this way, but more often than not it is not
feasible to fully excavate traces of peat extraction, because archaeological excavations are very time
consuming.
Remote sensing techniques are considerably faster in their use, and include aerial photography,
satellite imagery and digital elevation information that has been collected from the air. Traces of peat
extraction features can sometimes be seen on conventional aerial photographs, and if they are, they
can be as easy to resolve as from excavation. This technique, however, is constrained by the presence
of sediments of post peat extraction marine inundations that have filled in the peat ties, have covered
the features and have evened out the relief that could be indicative of the presence of peat extraction
features at depth. In some cases the presence of features like peat ties and barrow ways can be
proofed, but their absence cannot. Other remote sensing techniques can work theoretically, but have
not been used in the research into the peat exploitation. Infrared imaging techniques rely on the
difference in heat retaining properties in different materials. It can be expected that peat (barrow
ways) and silt (fill of peat ties) indeed do differ, but like conventional aerial photography, infrared
imaging is only concerned with very superficial features, and any layers covering the original surface
will hamper the detection of subsurface features with this technique. The same is true for the use of
airborne elevation measurements, theoretically the underground presence of peat ties, and in contrast
unexcavated rims of peat, can be expected to influence the superficial micro relief. In practice layers
of marine sediments can hide much or all of the relief that is present in the subsoil, and again this
technique can under certain circumstances be used to indicate the presence of features, but never the
absence.
Hand augering is a method that is commonly used in archaeological prospection in the Netherlands.
Whether or not peat extraction activities are recognized depends mainly on the size and type of grid
that is used for the coring. Peat ties can easily be mapped because of the disturbed nature of their fill
and because the top or all of the layer of peat has been taken away. Barrow ways on the other hand
cannot be recognized as such, because here the soil profile is undisturbed. They can only be
recognized in contrast to the peat ties. It is difficult to find the right grid size for the investigation of a
peat extraction landscape. On the one hand the scale of the exploitation is often large, whereas the
individual features are of a small scale and have an irregular nature. In general, a tight grid like 20 x
20 meter will pin point the areas where peat has been extracted, but this will not allow individual
features to be mapped.
5.2.4 The use of geophysical methods for the investigation of former peat extraction
Geophysical methods are a group of techniques that map variations in the physical properties of the
subsoil. They have been developed in earth sciences, but have since the 1950s been adapted for
archaeological prospection.
The most commonly used methods are magnetometer surveys, electrical resistance surveys, and
ground penetrating radar. For details about these methods see Gaffney and Gater (2003).
Magnetic methods
Magnetic methods that are used in archaeological prospection map magnetic contrasts in the field. As
every material has different material properties, two materials adjoining each other in the horizontal
plain in principle can be mapped magnetically. Archaeological features like pits and ditches generally
have a fill that consists of a different material than the matrix that they have been dug into. The
magnetic contrast that this is causing can generally be measured on the surface, and the shape and size
of the archaeological feature can be assessed without excavation.
Thinking along these lines, there is a material difference between the fill of the peat ties with mainly
clastic materials on the one hand, and the barrow ways and unexcavated peat on the other.
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The theoretical magnetic contrast that exists between peat and clastic material was found to be a real
and considerable contrast on the site of Harnaschpolder, Zuid-Holland (Appendix III). On this site,
peat turned out to have a magnetic susceptibility close to zero, whereas the clastic materials had a
magnetic susceptibility that were generally higher. It can be assumed that in similar, estuarine, geological circumstances, similar magnetic contrasts do exist.
In order to test the hypothesis that elements in buried peat exploitation landscapes like peat ties and
barrow ways have a magnetic contrast that can be measured at the surface, magnetometer surveys
were carried out on the site of Smokkelhoek, where the presence of past peat exploitation activity was
known by hand augering (Jansen 2003).
Electrical methods
The way electrical methods can be used in archaeological prospection is also based upon contrasts, in
this case the methods rely on contrasts in resistivity or conductivity of the soil. These contrasts are
almost entirely dependent on the moisture retaining properties of the soil, and in relation to this, on
the grain size and packing of the material. As is the case with magnetic methods, electrical methods
can map the (horizontal or vertical) interface of two materials with different resistivities.
Peat can almost be entirely waterlogged, whereas in clastic materials only the voids in between the
grains that make up the soil that can retain water. This causes clastic materials to have a higher
electrical resistivity than peat. Hence we assumed that elements in buried peat exploitation landscapes
like peat ties and barrow ways have an electrical contrast that can be measured at the surface. In order
to investigate this hypothesis an earth resistance survey was carried out in Kolhorn, on a location that
was known to have had past peat exploitation activity.
5.2.5 Sites
Geology
The Holocene development of the Dutch coastal plains (Fig. 17) is characterised by an alternation of
clastic deposition under marine or supratidal environments, and peat formation. In general, the
sequence consists of a layer of basal peat overlying Weichselian coversands, followed by two major
phases of clastic sediments, respectively termed Wormer and Walcheren3 deposits. These deposits are
separated by the so-called Holland peat. It is this peat layer that was excavated for fuel and possibly
for salt production in the Middle Ages.

Figure 17 The extent of the marine and estuarine deposits in the Netherlands. S = Smokkelhoek, K = Kolhorn.
3

Recently a new lithostratigraphic nomenclature has been introduced (De Mulder et al. 2003). Wormer corresponds with Calais in the old terminology, Walcheren with Dunkirk. They are part of the formation of Naaldwijk.
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Smokkelhoek
The archaeological site at Smokkelhoek (Fig. 17) was first inhabited in the Roman Period. At this
time the Holland peat was still being formed. Marine influence increased from the late Roman Period,
and transgressions of the Walcheren phase continued to take place until as late as the 1950s.
These transgressions were more severe in this area than in the Northern part of the country, and a
layer of sediment with a thickness of a few meters in places was deposited on top of the peat, eroding
it in places. In the Middle Ages large-scale peat extraction became an important industry. Pits were
dug through the layer of Walcheren sediment in order to reach the peat. By digging into the peat,
traces of Roman occupation were erased as well. After the peat extraction, the pits were not backfilled, but left open to be filled in with the sediments of later marine transgressions.
Kolhorn
Between the 8th and the 14th century the peat area around the archaeological site in De Waardpolder
North of Kolhorn (Fig. 17) was inundated with sea water. After these inundations large scale peat
extraction has taken place in the area, the traces of which are still visible in the landscape today (Fig.
18), on the ground but also on aerial photographs. One of the features that is associated with the peat
extraction in this area is the ‘road of Paludanus’, an almost 5 km long linear feature that was first
recognized by Rutger Paludanus in 1776. He interpreted it as being a road on a dyke. The feature is
still visible from the air, but due to ploughing, less so on the ground. Archaeological excavations in
1995 have shown that the road is in fact the last strip of unexcavated peat in the area. It is quite likely
that it was deliberately left unexcavated so it could be used as a dyke. Van Geel and Borger (2002)
show that the peat extraction is probably associated with industrial salt production. The name of a
nearby farm ‘goud na zout’ (‘gold after salt’) could support this interpretation.
5.2.6 Methodology
Smokkelhoek
On the site of Smokkelhoek an area of 40 x 40 meter was selected for the magnetometer survey. This
selection was based upon a larger scale magnetometer survey with a resolution of 1 x 0.25 meter
(Kattenberg, in prep.). The spatial resolution of the survey was 0.25 x 0.5 meter, the instrument that
was used was a Geoscan FM36 fluxgate gradiometer with an instrument resolution of 0.1 nT. In order
to support the interpretation of the magnetometer survey, hand augering was carried out with a 7 cm
Dutch (screw) auger and a 3 cm gauge auger.

Figure 18 Traces of peat extraction in Polder Wieringerwaard, to the west of the Waardpolder and 1 km west of
the village of Kolhorn.
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Kolhorn
In Kolhorn an electrical resistance survey was carried out with a TRCIA resistance meter with a
spatial resolution of 1 x 1 meter and an instrument resolution of 0.1 Ohm. The location of the fieldwork was chosen with an aerial photograph that clearly showed the road of Paludanus as a soil mark
(Robas 1986).
The area that was investigated measures 20 x 80 meters and was planned to be perpendicular to the
road. The probe distance between the mobile probes was 1 meter, and the depth of investigation can
be assumed to be approximately 1 meter. In order to aid the interpretation of the geophysical data,
hand augering was carried out with a 7 cm Dutch (screw) auger and a 3 cm gauge auger.

Figure 19 The results of the magnetometer survey on the site of Smokkelhoek.

5.2.7 Results
Smokkelhoek
The results of the magnetometer survey in Smokkelhoek are displayed in Figure 19. The results can
be thought of as a detailed map of the magnetic contrasts in the soil. Negative anomalies are displayed
in black, and positive anomalies in white. Based on laboratory measurements it was expected that
barrow ways and other remnants of peat would cause a negative magnetic anomaly. For this reason
the lighter coloured structures are interpreted as peat ties, the darker linear structures as rims of peat.
A schematic representation of the data is given in Figure 20. A number of cores was carried out along
the line C-C’ to check the interpretation of the magnetometer data.
It was found that the location of the negative magnetic anomaly that was investigated by hand
augering did correspond with the presence peat in the upper part of the soil section, whereas in cores
on the location of the positive anomalies only a thin layer of peat was found, starting at greater depth.
Because of the way peat grows, the top of a peat layer is generally horizontal. It is likely that the
‘depressions’ in the peat layer as mapped during the coring is the effect of peat extraction.
Kolhorn4
The result of the earth resistance survey in Kolhorn is displayed in Figure 21. Zones of higher resistance have dark colours, zones of lower resistance lighter colours. Two areas with high resistance
values appear to be anomalous to the rest of the area, a linear anomaly on the east side, and a zone of
high values in the middle of the surveyed area. The latter group of anomalies has a southwestnortheast direction and consists of strips of higher and lower resistance.
4

The author would like to thank the Melchior family for allowing us to survey the Kolhorn site.
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Figure 20 Schematic representation and interpretation of the results of the magnetometer survey on the site of
Smokkelhoek.

Overall, the width of the zone of high resistance measures approximately 15 meters. The location,
width and direction of the anomalies correspond to the soilmark that was visible on the aerial photograph and represents the road of Paludanus. The eastern anomaly is related to a ditch that was partly
filled in but could still be seen as a depression on the surface.
A number of cores was carried out in order to map the area. A typical profile consists from top to
bottom of a patchy dark layer of approximately 40 cm of mixed materials (silt, clay and sand) with
occasional (layers of) shell, followed by a 20 cm layer of peat. Under the peat is a sequence of silty,
sandy and clayey light grey estuarine deposits, the reduction zone starts at 150 cm. There are no
boreholes positioned over the high resistance anomalies.

Figure 21 The results of the earth resistance survey on the site of Kolhorn.

5.2.8 Discussion
The material contrast between the unexcavated peat and the clastic fill of the peat ties appears to be
sufficient to be mapped with geophysical methods. This is the case for the two surveys that were
presented in this chapter, and is likely to be true for other peat extraction landscapes in similar
settings. In the Dutch coastal plain peat ties are generally filled with clastic material, creating a material contrast that can be successfully mapped. Peat often contains a mineral fraction, and the increase
in volume of this mineral component causes the two materials to become more alike, which will lead
to a decrease in material contrast between the peat and the clastic material.
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The magnetic contrast between the two materials was previously investigated in the laboratory, where
it was found that peat has a magnetic susceptibility close to zero, whereas clastic material has a
slightly positive magnetic susceptibility.
This difference in magnetic susceptibility is reflected in the results of the magnetometer survey in
Smokkelhoek, where remnants of peat show as negative anomalies. The magnetic contrast is not very
large, but the volume of the features is quite substantial, which aids their detection. The peat ties
could barely be identified in the coarsely spaced survey (Appendix I, 21) of 1 x 0.25 meter, but are
well defined in the 0.5 x 0.25 meter survey. This latter grid spacing is recommended for the investigation of peat extraction landscapes.
In the electrical resistance survey, the remnants of peat that were still present in the subsoil could be
mapped because they had a higher resistance than the matrix that they were embedded in. This
contrast was reverse to the hypothesis. Because peat has a large capacity to retain water, it was
expected that the inclusion of peat in the matrix causes a lower soil resistance than would have been
obtained in a purely mineral soil. The feature that was mapped is of larger scale than the barrow ways
that were investigated in Smokkelhoek, and it may have to be classified more as a road than as a
barrow way. The high electrical resistance may be caused by a certain metalling of the road or by the
compaction of the top layer of the feature during its use. The most likely explanation, however, is that
the peat matrix has dried out, something that can be supported by the hand augering data, the peat was
found in the oxidizing part of the soil section.
The air in the pockets where the soil water was first stored hampers the electrical current flow and
causes the material to have an overall high electrical resistivity. The contrast between peat and clastic
material can probably be mapped when the peat is waterlogged or dried out. In a semi-wet state peat
may have similar properties to a completely mineral soil. The 1 x 1 meter resolution that was used in
the Kolhorn survey was sufficient to map the road of Paludanus and details within it. This resolution
is generally high enough to map linear features with a width of up to 0.5 meters. For narrower features
a higher resolution is required, e.g. 1 x 0.5 meter.
5.2.9 Conclusion
In Smokkelhoek and Kolhorn electrical and magnetic methods proofed to be able to map features that
are associated with peat extraction. In general contrasts between peat and clastic materials like sand,
silt and clay can be detected with magnetic and with electrical methods. Exceptions occur when the
peat has a high proportion of clastic material, and when the peat is semi-wet. Geophysical surveys are
non-destructive to the archaeological record and can be carried out much faster than archaeological
excavations.
The information obtained is very detailed and for information about the shape in plan of individual
features, the level of detail approaches that of excavation. This detail is also the advantage of
geophysical methods over prospection by hand augering, whereas the latter method gives a type of
vertical and ‘ground truth’ information that cannot be obtained with geophysical methods.
The application of different prospection methods on one site will always lead to a better understanding of the buried features, but is not always feasible. The choice of method(s) needs to be based
on the merits of all methods individually, and type of information obtained (e.g. horizontal or
vertical), resolution and speed of investigation do have to be considered.
In historical landscapes in general, hand augering is a prospection method that can identify surfaces
and layers that are associated with previous use and habitation of the landscape, but generally not
individual features. In a peat exploitation landscape the general area in which peat extraction has
taken place can be identified, but not the individual features like peat ties and barrow ways. This level
of detail can be obtained in plan with geophysical methods. For a 3D investigation of these features
however, excavations remain necessary. Geophysical methods can be used to bridge the gap between
coring and excavation, both in the detail of the information obtained and the in speed of investigation.
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5.3

Archaeological prospection of the Dutch estuarine landscape by means of magnetic
methods5

5.3.1 Introduction
Magnetic variations in hard rock geology are known to hamper magnetometer surveys carried out for
archaeological purposes (e.g. Clark 1996), but less attention has been paid to the magnetic response of
geological structures in unconsolidated sediments (for an example see Weston 2001). If geological
magnetic variations are as large as or larger than archaeologically caused variations, the latter may not
be distinguishable from the natural. Smaller scale geological features thus cause a bigger problem
than broad geological variations. Long wavelength or gradual geological changes can be filtered out
by post-processing software, or by using the magnetometer in a gradiometer configuration. Short
wavelength, abrupt geological changes, however, can have magnetic characteristics very similar to
buried archaeological features, which makes it difficult to separate the two.
The geological subsoil of the western part of the Netherlands consists entirely of unconsolidated
Quaternary sediments. As the coastal plains occupy a considerable part of the Dutch landscape (Fig.
22) and parts of this landscape have been inhabited continuously since the Neolithic, it is important to
understand the magnetic characteristics of the marine and the estuarine (salt marsh) deposits. In the
current study several known sites dating from various archaeological periods have been investigated.
This paper reports on preliminary findings.
The results of magnetometer surveys on two of these sites, Harnaschpolder and Smokkelhoek (labelled H and S respectively in Fig. 22) present several problems that may be typical of this specific
geological setting. Given the widespread occurrence and the significance of estuarine sediments as a
geological substrate in The Netherlands, it is necessary to investigate these problems.
The aim of this paragraph therefore is to:
(i) identify the possible reasons for the lack of magnetic contrast that was expected between the fill
of archaeological features and the undisturbed matrix on the sites discussed;
(ii) discuss the (geological) origin of the magnetic anomalies encountered in Harnaschpolder and
Smokkelhoek.
The paragraph starts with an overview of the geological development of the estuarine landscape of
The Netherlands, and the archaeology of the sites discussed. This is followed by the methodology and
the results of the magnetometer survey and the magnetic susceptibility sampling in Harnaschpolder
and Smokkelhoek.

Figure 22 The extent of marine and estuarine deposits
in The Netherlands. H = Harnaschpolder, S = Smokkelhoek.
5

This paragraph has been adaped from Kattenberg and Aalbersberg (2004) with minor textual alterations.
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5.3.2 Archaeology and geology
The Holocene development of the Dutch coastal plains is characterised by an alternation of clastic
deposition under marine or supratidal environments, and peat formation. In general, the sequence
consists of a layer of basal peat overlying Weichselian coversands, followed by two major phases of
clastic sediments, respectively termed Calais and Dunkirk6 deposits. These deposits are separated by
the so-called Holland peat.
The area of Harnaschpolder (Fig. 22) has been occupied since the Neolithic period. Although the
Harnaschpolder was inhabited almost continuously, the landscape changed dramatically between the
different periods, resulting in a layered archaeological landscape. In the Neolithic period, settlements
were located on dunes along the coast; these were high points in a landscape dominated by wetlands.
After the Neolithic, marine influence increased, and the landscape was covered with silts and sands
(Calais phase). The tidal flats of this period gradually developed into tidal marshes. As the marine
influence diminished, vegetation eventually returned, resulting in the growth of a layer of fen peat
(Holland peat). At the start of the Iron Age, the peat blanket had locally reached a thickness of several
meters. The next phase of marine transgressions occurred from the Iron Age to Late Medieval times.
These Dunkirk transgressions partly eroded the peat before covering it with another layer of silts and
sands. In this new tidal marsh, Iron Age and Roman Period people would inhabit and farm the raised
sandy beds of former tidal creeks. Medieval occupation consisted of dwelling mounds constructed in
the areas where the peat had not been eroded away. A last phase of marine transgressions, in the Late
Middle Ages, covered the already layered archaeological landscape with another thin layer of marine
sediment.
At Smokkelhoek (Fig. 22) the site was first inhabited in the Roman Period. At this time the Holland
peat was still being formed. Marine influence increased from the late Roman Period, and transgressions of the Dunkirk phase continued to take place until as late as the 1950s. These transgressions
were more severe in this area than in the Harnaschpolder, and a layer of sediment with a thickness of
a few meters in places was deposited on top of the peat, again eroding it in places. In the Middle Ages
people inhabited the drier parts of the landscape, for example, the former tidal creeks, just like in the
Roman Period in Harnaschpolder. Large-scale peat extraction became an important industry. Pits
were dug through the layer of Dunkirk sediment in order to reach the peat that was either used as a
fuel, or as a source of salt. By digging into the peat, traces of Roman occupation were erased as well.
After the peat extraction, the pits were not backfilled, but left open to be filled in with the sediments
of later marine transgressions.
All through the archaeological periods discussed here, houses would have been timber built; stone
masonry was not used because it simply was not available, and brick was only introduced in the late
Middle Ages. The archaeological record thus mainly consists of in-filled pits and ditches, and of postholes. The fill of the archaeological features generally has a different colour and a different texture
compared to the surrounding matrix. On both sites the Roman and Medieval features are contained
within the fist meter of the matrix. Lacking bedrock and gravels, any magnetic anomaly caused by
archaeological features would have to be either the result of differences in soil magnetic
susceptibility, or, for features like hearths and kilns, would have to be of a thermoremanent nature.
On the other hand, magnetic anomalies that are caused by changes in geology may be due to differrences in magnetic susceptibility, or differences in natural remanent magnetization (NRM).
5.3.3 Methodology
Magnetometer surveys were carried out at both Harnaschpolder and Smokkelhoek. A Geoscan FM36
Fluxgate Gradiometer was used at a spatial resolution of 0.5 x 1.0 meter, and an instrument resolution
of 0.1 nT.
Soil samples for magnetic susceptibility measurements were taken by hand-auger. For the top meter a
7 cm Dutch (screw)auger was used and a 3 cm gouge auger for samples deeper than a meter. Soil
profiles were described and the remainder of the cores discarded after sampling. Archaeological
features in excavation were sampled by pushing sample tubes into the exposed section.
6

Recently a new lithostratigraphic nomenclature has been introduced (De Mulder et al. 2003). The now obsolete Calais-Dunkirk terminology is still being used frequently, and to aid reference to older literature, this
paper will refer to the ‘old’ terminology.
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These small plastic lidded tubes were also used for storing and transporting the samples. The soil
samples were not dried in order to prevent any chemical changes by oxidation, but frozen and
measured within 14 days from sampling, using an Agico KLY-2 Kappabridge in the palaeomagnetic
laboratory of the Universiteit van Utrecht. The weakly diamagnetic contribution of the sample tubes
(~ -10 x 10-8 m3/kg) was taken into account. A heat-treatment was carried out on a selection of
samples from Harnaschpolder in order to obtain fractional conversion values. This set of samples was
air-dried, and the samples were crushed with a porcelain mortar and pestle. The magnetic susceptibility of the samples before and after the treatment was measured on an AC magnetic susceptibility
bridge in the Department of Archaeological Sciences in the University of Bradford, UK. One gram of
plain flour was added to each sample and the samples were placed into porcelain crucibles and
covered with a porcelain lid. A Carbolite electric muffle kiln was used and the procedure similar to
the one described by Clark (1996) was followed.
5.3.4 Results
The most striking magnetic anomalies that were encountered at Harnaschpolder (Fig. 23) are two
bands of positive anomalies with a smaller negative component, more or less at right angles to each
other. Between these two bands smaller linear positive anomalies can be seen.
Test trenches that were excavated prior to the magnetometer survey overcut these magnetic anomalies, but no apparent relation was found between the archaeological features that were excavated
and the anomalies. In fact, none of the archaeological features that were encountered in the test
trenches could be identified by the gradiometer survey.
In de Smokkelhoek (Fig. 24) linear and curved positive anomalies occurred in pairs. In the northwestern corner of the surveyed area features seem to be overcutting each other. The only unpaired
anomaly, running north-south in the eastern part of the survey, could be identified as a track also
visible on the 1832 map of the area. Patches of noise correlate to the field boundaries on the same
map and are probably caused by the material in the in-filled ditches. In the centre of the eastern block
of survey, faint linear negative anomalies indicate the presence of rims of peat in the subsoil. These
are the bands that were left in during the peat extraction.
In neither of the sites any magnetic response of archaeological features could be identified. Test
trenching (in Harnaschpolder) and hand-augering (in Smokkelhoek) had however positively identified
archaeological features in the surveyed areas. Soil samples were taken from two excavations directly
to the North and the South of the surveyed area in Harnaschpolder. Samples were taken from pits,
ditches and a posthole from the Roman Period, as well as from the undisturbed silts and the topsoil.
Magnetic susceptibility measurements show that generally the values are very low (Table 8). There is
very little difference between the magnetic susceptibility of the fill of the Roman Period features and
the natural material they are embedded in. Values for the topsoil, on the other hand, are higher, and
less consistent.

Figure 23 The results of the magnetometer survey at Harnaschpolder with the location of core A.
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Figure 24 The results of the magnetometer survey at Smokkelhoek with the location of core B.

In order to assess if the sediments are capable of acquiring higher magnetic susceptibilities, samples
were taken at Harnaschpolder for an investigation into the fractional conversion. Sixteen samples
were taken from a hand auger so that all sedimentary layers in the profile were represented. Fractional
conversion values were calculated as χ/χmax x 100%, and range from 0.31% to 6.08% with an average
of 3.36%. This indicates that the low magnetic susceptibility values encountered are not caused by a
lack of iron; the magnetic susceptibility thus has to be related to the type of iron compounds present in
the soil.
Table 8 Magnetic susceptibility of soil samples from Harnaschpolder excavations. N: the number of samples;
SD: the standard deviation from the mean magnetic susceptibility.
N
topsoil
archaeological features
undisturbed subsoil (C-horizon)
all samples

7
12
6
25

mean magnetic susceptibility
x 10-8 m3/kg
31.74
10.47
9.63
16.22

SD x 10-8 m3/kg

range x 10-8 m3/kg

17.57
1.65
1.54
13.29

13.81 – 58.85
7.73 – 12.89
7.61 – 11.09
7.61 – 58.85

Based on their morphology, the large, short wavelength magnetic anomalies encountered in both
Harnaschpolder and Smokkelhoek could be identified as geological structures. Their appearance, in
particular the ‘loop’ in the Smokkelhoek data, suggests a geological origin, for instance small creeks
or gullies. They are most likely to be associated with either one of the two major marine transgression
phases.
A transect of borings was carried out at both sites in order to identify the features causing the magnetic anomaly. Each of the cores was sampled for magnetic susceptibility measurements in the
laboratory. The stratigraphy of the top four meters can be simplified to four layers; the silts of the
Calais phase at the lower part of the sequence are overlain by Holland peat.
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The peat, in turn, is covered by the silts and sands of the Dunkirk transgression phase, and in these
silts a topsoil has developed. It must be noted that grey silts with black staining occur locally in sediments of the Calais phase at both sites.
Measurements of the magnetic susceptibility of the sediments in the laboratory showed that the
stained Calais silts were at least partly responsible for the magnetic anomalies in the gradiometer
survey. A possible contribution of any chemical or detrital remanent magnetism to the anomalies has
not been investigated in this study. Table 9 presents the data of two cores, A and B, their location
relative to the magnetic anomalies is indicated on Figures 23 and 24. Magnetic susceptibility values of
the topsoil and the Dunkirk silts are generally very low. The lack of any clastic material in the peat
explains the near-zero magnetic susceptibility values. One slightly negative value was caused by the
presence of (diamagnetic) water in the samples, which were not dried prior to the measurements. The
magnetic susceptibility of the grey layer with black stains in the Calais silts in these two cores is 5 to
100 times higher than the susceptibility of the Dunkirk silts. This is, however, a local phenomenon.
Table 9 Magnetic susceptibility of samples from core A (Smokkelhoek) and core B
(Harnaschpolder).
depth
in cm
core A
0
60
120
140
180
220
240
300
core B
10
55
155
175
210
280
310
315
319

material

mass magnetic susceptibility
x 10-8 m3/kg

above / below
groundwater

silty clay
silty clay + iron staining
peat
silty clay + organic material
peat
silty clay
silty clay
silty clay

6.6
5.9
0.9
5.0
-0.5
58.9
177.3
35.2

above
above
above
below
below
below
below
below

silt
silt + iron staining
silty sand + iron staining
silt
sand
peat
silt
silt
silt

13.98
8.93
7.09
4.64
5.16
0.99
5.30
199.56
980.82

above
above
above
below
below
below
below
below
below

Away from the magnetic anomalies, silts of the Calais phase have susceptibility figures similar to the
Dunkirk silts. Microscopic inspection of the black stained soil showed that it contains pyrite crystals.
The crystals are concentrated in and around macrofossils present in the soil. The samples were not
further investigated, and only the presence of non-framboidal pyrite crystals was confirmed.
Three subsamples of the Harnaschpolder core were measured before and after air-drying (Table 10).
The upper sample (310 cm) has the lowest magnetic susceptibility of the three samples, and its
susceptibility does not change upon oxidation. The magnetic susceptibility of the two lower samples
(315 and 320 cm) however, decreased considerably after air drying. Oxidation of the samples
apparently causes changes in the iron mineralogy that are reflected in the magnetic susceptibility of
the samples.
Table 10 Magnetic susceptibility of the subsamples from core A (Harnaschpolder) before
and after air-drying.
core

depth (cm)

material

A

310
315
319

silt
silt
silt
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magnetic susceptibility
x 10-8 m3/kg before air-drying
6.02
200.40
981.34

magnetic susceptibility
x 10-8 m3/kg after air-drying
6.02
30.04
40.79

5.3.5 Discussion
The fluxgate gradiometer surveys in Harnaschpolder and Smokkelhoek failed to identify any archaeological features. The data on the magnetic susceptibility of the archaeological features in Harnaschpolder, however limited in the number of samples, suggests that the magnetic contrast between the fill
of the archaeological features and the matrix in which they are embedded is negligible. In general the
values are very low compared to, for example, values found in the United Kingdom (e.g. Dearing et
al. 1996). A heating experiment, however, showed that the soils could be magnetically enhanced. This
indicates that it is not the lack of iron that suppresses the magnetic susceptibility in Harnaschpolder.
Topsoil samples do have a higher magnetic susceptibility, as would be expected, but the values of the
samples are not very consistent. This could be due to the presence of inclusions (the samples were not
dried and not sieved), or to the fallout of industrial activities in the vicinity of the Harnaschpolder.
Thus, archaeological features were not and possibly could not have been detected in the gradiometer
survey in Harnaschpolder.
The reason why can only be speculated upon in this stage of the research, and further investigations
are required to shed light on the processes explaining this phenomenon. The following section will list
some of the possible reasons for the lack of magnetic contrast in Harnaschpolder. These reasons can
be split into two groups; either the magnetic contrast between the archaeological features and the
natural matrix has never existed, or the contrast did exist but has been reduced over time.
Into the first group falls the impediment of magnetic susceptibility enhancement by waterlogging, and
the lack of vertical differentiation of the young soil. According to Weston (2002), waterlogging of a
soil can prevent the enhancement of the magnetic susceptibility by heating. Linford and Canti (2001)
came to similar conclusions in their experiments. Enhancement of a waterlogged clay soil was
achieved by kindling a fire for a one and a four-day period. The enhancement is concentrated in the
top four cm of the soil, but causes a clear magnetic anomaly.
The lack of vertical differentiation is common in young sediments. Soil formation processes are
hamperred by waterlogging of the soil, and because of ongoing marine transgression, the formation of
a well-defined A-horizon is prevented. In the surroundings of Harnaschpolder, but not in the
Harnaschpolder excavations, a vegetation level associated with the Roman Period habitation has been
found locally. The appearance of the fill of the archaeological features on the Harnaschpolder excavations suggests that a topsoil with organic material has been present here, but post-Roman marine
transgressions have probably eroded or reworked this layer. With the topsoil, the magnetic susceptibility variations contained in it would have been taken away, but this erosion should not have affected
the fill of the archaeological features. The contrast between the fill of the archaeological features and
the matrix they are embedded in is however very small. If the magnetic contrast was larger once, is it
possible that it was reduced?
Long term waterlogging of the soil could delete a magnetic enhancement. By continuous waterlogging, ferrimagnetic iron oxides will dissolve, and they can eventually flush out of the soil profile
(Thompson & Oldfield 1986). Short term waterlogging can cause iron compounds to change into
either the ferri-magnetic maghemite, or to the non-ferrimagnetic green rusts or ferric or ferrous
hydroxides upon oxidation (Weston 2002). Fractional conversion values indicate that the soils of
Harnaschpolder were not flushed of iron, but chemical changes induced by waterlogging, may have
changed the magnetic contrast.
In sharp contrast to the lack of magnetic contrast between the fill of the archaeological features and
the undisturbed matrix, strong features of a natural origin were detected in the magnetometer survey.
In a magnetometer survey, induced and remanent magnetism cannot be distinguished from one
another, and magnetic anomalies may be caused by either of the two, or a combination of both types
of magnetization.
Although a possible contribution of chemical or detrital remanence was not investigated, it can be
inferred from the data that the magnetic anomalies that were encountered in both Harnaschpolder and
Smokkelhoek were at least partly caused by bodies of highly magnetic material in the sediments of
the Calais phase. Based on their black colour or staining and their geomorphological expression, these
deposits are interpreted as anoxic shallow creek fills, in which stagnant water provided continuous
reducing conditions. High magnetic susceptibility values have also been recorded just over or under
the black layer. Pyrite was visually identified in these layers with the aid of a microscope.
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Pyrite, however, is paramagnetic, and its magnetic susceptibility of 30 x 10-8 m3/kg cannot explain the
magnetic anomalies encountered in Smokkelhoek en Harnaschpolder, and other minerals must be
responsible.
Although a full discussion falls outside the scope of this paper, a short review of iron sulphide
formation and degradation is required to understand the phenomena encountered in this study. It is
known that sedimentary iron sulphides occur in marine and estuarine environments (e.g. Luther et al.
1982, Rabenhorst 1990). The formation of these sulphides requires a source of ferrous iron (Fe(II)), a
source of sulphur and a reducing environment. Fe(II) is present in sea water, but studies into the
cycling of iron in salt marshes suggest that crystalline Fe(III) minerals from the sediment can be
dissolved by organic ligands which makes them available for the formation of iron sulphides (Luther
et al. 1982, Kostka & Luther 1995). Sulphates are abundant in sea water, and they can be reduced by
sulphate reducing bacteria in the process of decomposition of organic matter. Thus iron sulphides can
be formed in a reducing estuarine environment in the presence of organic matter.
The end product could be one of the monosulphides mackinawite (FeS0.9) or greigite (Fe3S4), pyrrhotite (~Fe7S8), or in fact pyrite (FeS2). Pyrite and mackinawite are paramagnetic, pyrrhotite and greigite
however are ferrimagnetic, and the presence of either of these two iron sulphides, or a combination,
could be responsible for the magnetic anomalies in Harnaschpolder and Smokkelhoek. Greigite oxidizes rapidly on exposure in air, and the data in table three may indeed indicate the presence of greigite
in the waterlogged sediment.
In order to fully understand the occurrence of iron minerals in estuarine sedimentary sequences it is
essential to know the depositional, but also the post-depositional processes involved. For both sites,
post-depositional processes can de separated into two phases. First, as part of the geological development of the landscape, a phase of drying out and oxidation takes place. After cessation of the marine
influence the environment gradually becomes fresher. Lowering local groundwater levels and
increasing vegetation lead to better aeration of the soil, oxidizing the iron sulphides to goethite (ĮFeOOH) or haematite (Į-Fe2O3), both paramagnetic minerals, or to ferrimagnetic magnetite (Fe3O4)
(Luther et al. 1982) These newly formed iron compounds also occur in the now oxidized zone with
archaeological features, and their distribution does not necessarily bare a relation to the distribution of
iron compounds before the marine transgression.
The second phase consists in both cases of renewed marine inundation of the landscape. Despite the
abundant literature on the subject of sulphide formation, it is as yet unclear what the potential effect of
saline waterlogging on the existing iron mineralogy of the soil is. Neo-formation of (primary) iron
sulphides is likely to take place, but it can be envisaged that at least part of the iron oxide present will
be reduced to sulphides again.
In addition to the high magnetic susceptibility values already identified in this preliminary study,
NRM may also have contributed to the magnetic anomalies identified. Evidence for the co-occurrence
of high magnetic susceptibility and high NRM has been found in a freshwater environment by Ellis
and Brown (1998). It is conceivable that processes similar to those postulated by Ellis and Brown
have operated on the sites in the current study as well, but unfortunately the distinction between
induced and remanent magnetism cannot be made from magnetometer survey data. Without further
study therefore the contribution of NRM remains uncertain.
5.3.6 Conclusion
This study has shown that estuarine (salt marsh) sediments pose several difficulties in the
interpretation of magnetometer surveys carried out for archaeological purposes. Archaeological
features may be indistinct or invisible, whereas geological structures may show with unexpected
clarity. The reason for the lack of magnetic contrast between archaeological deposits and the undisturbed soil matrix, is the topic of further research.
Knowledge of the type of iron minerals present in the sites under investigation can lead to the
understanding of the processes that hamper the creation of a contrast, or delete an existing contrast in
magnetic susceptibility.
(Magnetic) mineral investigation will also have to clarify whether it is indeed greigite or pyrrothite, or
a combination of the two iron sulphide compounds, that is causing the magnetic anomalies
encountered on the two sites discussed in this paper. The topic of the possible magnetic remanence of
the sediments will also be addressed in further studies.
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Marine transgressions can have a great influence on the iron mineralogy of the soil. It is likely that
this would have affected iron oxides in the fills of archaeological features. Further research will be
carried out on selected samples, in order to reconstruct the magnetic history of the investigated sites.

5.4

Iron compounds from archaeological features in estuarine deposits, examples from The
Netherlands7

5.4.1 Introduction
Magnetometer surveys are probably one of the most successful methods of archaeological prospection
(Clark 1996, Gaffney & Gater 2003), even to the extent that on occasions the term is used synonymously with ‘geophysical surveys’ in general. Consequently, expectations in the reliability of mapping subsurface anomalies are high, which can lead to disappointment if a magnetometer survey does
not reveal all the buried archaeological features. Studies have hence been conducted to investigate the
conditions under which magnetometer surveys are successful, or indeed how success can be measured
(Hey & Lacey 2001). There are many reasons why archaeological features exhibit a magnetic contrast
with the surrounding matrix that can lead to their detection in a magnetometer survey, but there are as
least as many conditions under which no such contrast exists. Parameters influencing the results
include geology, soil, site formation processes, post depositional processes, anthropogenic influences,
site types, and many more. It is hence virtually impossible to compile an exhaustive list of all these
conditions and studies into this subject have concentrated on selections of particular parameters. In
recent years several authors have analysed the magnetic mineralogy of archaeological sites and linked
results to site specific parameters (for example Fassbinder et al. 1990, Linford 1994, Crowther &
Barker 1995, Weston, 1996, Ikeya et al. 1997, Marmet et al. 1999, Linford & Canti 2001, Weston
2002, Linford 2004, Weston 2004), confirming a research trend predicted by Dalan and Banerjee
(1998).
However, coastal and estuarine environments are notably absent from these studies despite their
archaeological importance in countries including the United Kingdom, Germany and The Netherlands. In a previous paper (Kattenberg & Aalbersberg 2004) the problems were highlighted that were
encountered in magnetometer surveys over archaeological sites in Dutch estuarine soils. On a number
of such sites in The Netherlands archaeological features could not be magnetically mapped, while
broad, strongly magnetic anomalies with a creek-like appearance dominated the magnetic surveys,
which would have masked weaker archaeological signals. This paper will address both issues by
investigating the magnetic mineralogy of soils and sediments from two representative sites.
5.4.2 Background
When magnetometer surveys were first tested in archaeology, it was anticipated that they would
mainly detect anthropogenic structures with thermoremanent magnetisation, like kilns and hearths.
However, it soon became apparent that features dug in the past (e.g. ditches, pits) which had become
filled with soils and sediments over the centuries, can also produce clear magnetometer data (Clark,
1996). The reason is the contrast in magnetic susceptibility between the fill of the features and the
surrounding soil (the ‘matrix’), which leads to differences in induced magnetisation that can be
detected at the surface with a magnetometer. The following discussion therefore concentrates on the
magnetic mineralogy of samples with a view to explain their magnetic susceptibility. Investigations of
remanent magnetisation are not included.
5.4.2.1 Magnetic susceptibility
Every material responds differently to the application of an external magnetic field, and for soils this
is no different. Magnetic susceptibility measures the ease with which a material can be magnetized.
Whether a deposit is natural or anthropogenic, its magnetic susceptibility depends mainly on the
amount and type of the different iron compounds that it contains. Their concentration, grain size and
grain shape all have an influence on the overall magnetic susceptibility.
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Manuscript in preparation by A.E. Kattenberg, A. Schmidt, M.J. Dekkers, T.A.T. Mullender and H. Kars.
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However, in first approximation, the magnetic susceptibility of soils is a measure of the concentration
of magnetite and maghemite, since these iron oxides are by far the most magnetic compounds found
in soils (see below). Every deposit is unique and is likely to have a magnetic susceptibility that is
different from the deposits surrounding it.
Intra-deposit variations are usually weak so that magnetic susceptibility measurements can sometimes
be used to delineate archaeological contexts (Dockrill & Simpson 1994). It has been found that topsoil
material and the fill of archaeological features generally have an enhanced magnetic susceptibility,
compared to the surrounding matrix. This enhancement can often be related to the conversion of a
non-ferrimagnetic into a ferrimagnetic iron compound. Before the underlying enhancement mechanisms can be discussed a brief description of the relevant iron oxides is required.
In this section the iron oxides that are typical for temperate climate zones are summarised, using data
from Taylor (1980), Weston (1999), Cornell and Schwertmann (2003), and Hansel et al. (2005). The
chemical formula, colour and possible formation pathways of each iron oxide are briefly discussed, in
addition to a description of well documented formation and transformation processes. However, the
(trans)formation of iron in the soil is a complex process, which depends on many variables, including
climate, soil pH, organic matter content and redox status of the soil. More advanced processes, not
discussed here, are also possible and are best understood in the laboratory.
In some cases the chemical formula for the iron oxides is the same (for example for hematite and
maghemite) but the crystal structure is different, this is indicated with a prefix of Į for the hexagonal
and Ȗ for the cubic crystal structure.
Goethite Į FeOOH Goethite is the most common iron oxide in cool to temperate humid climates,
where it usually coexists with lepidocrocite and ferrihydrite. It is yellowish brow in colour (7.5 to 10
YR). It can be formed from solid Fe(II) compounds like iron-carbonates or iron-sulphides, or reduced
from Fe(III) by microbial action. Alternatively it can be transformed from ferrihydrite.
Hematite Į Fe2O3 Hematite is the second most common soil iron oxide, it mainly occurs in warmer to
subtropical / tropical climates. It has a distinctively red colour (5YR to 10R). Hematite and goethite
are closely related and can coexist, formation of either of the two iron oxides depends on temperature
and drainage. Ferrihydrite, for example, can transform to goethite, but also to hematite in warmer and
drier climatic conditions where the formation of hematite is preferred over the formation of goethite.
In gley soils ferrihydrite may be the precursor of hematite.
Lepidocrocite Ȗ FeOOH Lepidocrocite has been identified in different climatic zones, but not in
calcareous soils. It is a very common iron oxide, usually orange in colour (5YR to 7.5YR). It is
formed in seasonally wetting and drying (reductomorphic) environments, for example in iron pans. It
can be transformed from ferrihydrite, or from magnetite after dissolution and consequent oxidation.
Ferrihydrite 5Fe2O3•9H2O 5Fe2O3•9H2O is a possible formula for ferrihydrite, but other formulas
have been proposed. Ferrihydrite is a hydrated ferric oxide, which can only be found in young
(Holocene) deposits where its transformation to goethite or hematite has been impeded or delayed, or
where circum-stances are detrimental to the formation of more crystalline iron oxides like goethite.
These are environments where there is sufficient Fe(II) oxidation in the presence of organic matter
and silicate. Ferrihydrite occurs in gley soils, on the oxidizing / reducing boundary of the soil and in
the B-horizon of podzol soils.
Magnetite Fe3O4 Lithoogenic magnetite occurs commonly in the coarse fraction of the soil. The
abundance of magnetite in the topsoil when compared to the subsoil suggests a pedogenic formation.
Magnetite is a reduced iron oxide, which may oxidize to form maghemite, turning in colour from
black to brown. In an oxidizing environment, magnetite will usually oxidized partly, the resultant iron
oxide will belong to the magnetite / maghemite series, but will neither be purely maghemite, nor
purely magnetite. Magnetite can be formed trough the reduction of hematite and goethite, or the
reaction of ferrihydrite with Fe(II).
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Maghemite Ȗ Fe2O3 Maghemite is found mainly in tropical and subtropical regions, with localized
deposits in temperate regions. The iron oxide occurs in concretions, or can be dispersed through the
soil. It can be formed through the oxidation of magnetite, or the dehydration of lepidocrocite at a
temperature of ~250 ºC. Taylor (1980) has synthesized maghemite from green rust during laboratory
experiments, in a process that approximated the oxidation of a gley soil.
The iron mineralogy of the aerobic part of the Dutch estuarine deposits that are investigated in this
paper is, because of its calcareous nature and climatic conditions, expected to be dominated by ferrihydrite and goethite, the former of which can, over time, transform into the latter. These two dominant iron compounds have a very low magnetic susceptibility. Hematite, however, is unlikely to be
formed from ferrihydrite in our climatic zone, except possibly in gley soils. In topsoils the non-ferrimagnetic compounds are expected to be mixed with ferrimagnetic, and thus high magnetic susceptibility iron oxides of the magnetite / maghemite series. The main contribution to the magnetic susceptibility of the deposits will come from these ferrimagnetic minerals.
5.4.2.2 Enhancement of topsoil
Induced magnetic anomalies caused by buried archaeological features can be positive or negative
because the fill of cut archaeological features (e.g. ditches and pits) has a different – either higher or
lower – magnetization than the matrix they are surrounded with. In practice, however, such buried
archaeological features often cause positive anomalies. This is explained by the generally higher
magnetic susceptibility of the topsoil with which these features have been filled after the sites were
abandoned.
The underlying processes for the enhancement of magnetic susceptibility of topsoil have been investigated by several authors, first by Le Borgne (1955) who proposed two pathways: enhancement by
intense heating, and enhancement by fermentation. Since then other mechanisms were discovered and
authors tried to modify Le Borgne’s terminology to encompass these pathways (Weston 2002).
Authors have also often differentiated between primary and secondary ferrimagnetic iron oxides. The
former are directly formed from the geological source (lithogenesis), while the latter are produced via
other iron compounds as described above. All magnetic enhancement hence leads to secondary iron
oxides. The following description of the five main pathways for magnetic enhance-ment is partly
based on the terminology introduced by Linford (2004), which is congruent with Dalan & Banerjee
(1998).
In the first pathway, non-ferrimagnetic iron oxides like hematite, goethite and lepidocrocite, are
converted into magnetite when heated under reducing circumstances in the presence of organic
matter. The temperature at which this process starts is not well defined and values between 150 °C
and 570 °C have been reported, with lower temperatures requiring longer exposure (Linford & Canti
2001, Maki et al. 2006). On cooling, this magnetite can oxidize to maghemite if sufficient organic
matter is present. Both magnetite and maghemite are ferrimagnetic iron oxides with a high magnetic
susceptibility. This first pathway is accepted as the most common form of enhancement in an archaeological setting. The resulting magnetic susceptibility depends on the concentration of iron oxides
initially available in the soil for conversion and the intensity of heating. The latter can be evaluated
through measurement of the fractional conversion (see below) and is a rough indicator for the
intensity of anthropogenic impact. The archaeological contexts in which such soil alterations may be
found include hearths, kilns, furnaces and other high temperature features, but even bushfires can
create enhanced magnetic susceptibility, although this may be partly attributable to the resulting ash
layer (Peters & Thompson 1998, Linford & Canti 2001). It is likely that most of the enhanced material
will gradually be spread over the surface, thus increasing the overall topsoil magnetic susceptibility.
The second and third pathways require microbes, thriving in rich organic deposits, to reduce soil iron
minerals (e.g. hematite) to their ferrimagnetic forms. ‘Microbially mediated’ (Linford 2004) conversion of the second pathway relies on the change of soil pH/Eh by microbes to create conditions that
facilitate the creation of magnetite, either in close contact with the bacteria or in the general soil
environment (Gibbs-Eggar et al. 1999). In the right climatic conditions (temperature, moisture) the
subsequent re-oxidation of magnetite to maghemite can also be microbially mediated. In contrast to
this passive extra-cellular process, magnetotactic bacteria actively create intra-cellular crystalline
magnetite to navigate in the earth’s magnetic field (Fassbinder et al. 1990).
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These fine-grained magnetite crystals remain in the soil after the bacteria die and form the third
pathway of magnetic susceptibility enhancement. Since methanogenesis is not required for either of
these biogenic pathways, Le Borgne’s term ‘fermentation’ is not strictly applicable (Weston 2002).
However, it provides a useful connotation for the organic matter that microbes need to grow.
Archaeological environments with rich organic deposits include, for example, middens and decayed
wooden posts. Fassbinder demonstrated that magnetic anomalies of post holes that were apparent in
high-sensitivity magnetometer surveys are attributable to the remains from magnetotactic bacteria
(Fassbinder & Stanjek 1993, Fassbinder & Irlinger 1994).
A fourth pathway for the magnetic enhancement of topsoil is the addition of magnetic material, for
example broken pottery or brick fragments (Weston 2002). Such material is often found as discard or
rubbish in archaeological middens and has been spread on arable fields with other manure, mainly in
Medieval times. Metalworking remains, for example hammerscale and slag, also become incorporated
into soil layers and can greatly increase the magnetisation. Iron and steel fragments broken or fallen
from modern farming machinery can also enhance the magnetic make-up of the topsoil, but often also
create undesirable isolated magnetic anomalies.
Enhancement of soil magnetic susceptibility also occurs during soil formation processes (pedogenesis). Maher and Taylor (1988) reported the formation of ultra-fine grained magnetite in soil
despite the absence of any microorganisms. This is considered the fifth pathway of enhancement.
The first three pathways rely on the availability of organic matter, which is usually more abundant in
the upper soil horizon than in the subsoil, hence creating a magnetic differentiation of topsoil and
subsoil. In addition, anthropogenic input further enhances these conditions (either through fire or
deposition of organic material, like middens) sometimes allowing the identification of settlement
areas through magnetic susceptibility mapping, or the differentiation of buried land surfaces (e.g.
covered by windblown or alluvial deposits) from the magnetic stratigraphy.
All enhancement pathways lead to the presence of a greater abundance of magnetite, maghemite, or a
combination of these two ferrimagnetic iron oxides in the surface soil, in the fill of archaeological
features or in the wooden structures on archaeological sites. Whenever a cut archaeological feature is
filled with such enhanced soil the magnetic susceptibility contrast with the surrounding soil or
sediment matrix will lead to induced magnetisation which produces a magnetic field measurable at the
surface. However, archaeological features do not always show a positive magnetic contrast. Linford
(1994) and Weston (2002) have tried to explain the lack of a distinguishable magnetometer signal on
two British archaeological sites, and Maki et al. (2006) investigated the origins of a negative magnetic
anomaly that was caused by a series of archaeological hearths. Similarly, no magnetic contrast was
found on some archaeological sites under estuarine deposits in The Netherlands. Two were discussed
in an earlier paper (Kattenberg & Aalbersberg 2004) and two more examples are investigated in this
study. There are two possible explanations for the observed lack of magnetic contrast. Either the
contrast has never existed (or was extremely weak), or subsequent processes have altered the iron
mineralogy of the soil and thereby changed the magnetic susceptibility. Soil is a dynamic medium,
and chemical changes can be caused for example by wetting and drying, or by the persistent waterlogging of a soil. A detailed study of the soil iron compounds of archaeological deposits in estuarine
soils in the Netherlands was hence undertaken.
5.4.3 Methods and materials
Investigated sites
Two specific sites were selected for this study as they most clearly display the problems of insufficient magnetic contrast in archaeological features despite good potential for enhancement in the
matrix. The sites of Broekpolder and Harnaschpolder (Fig. 25) developed in an estuarine environment
and were, after their abandonment, subject to renewed marine transgression and seawater or brackish
water logging, with associated blanketing through estuarine deposits.
Broekpolder
The Bronze Age / Iron Age settlement of Broekpolder is a scheduled archaeological monument. Excavations in the area around the current monument showed many archaeological features connected to
habitation, agriculture and religion ranging from the Bronze Age to the Middle Ages (Terkorn et al. in
press).
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Figure 25 The extent of marine and estuarine deposits
in The Netherlands. B = Broekpolder, H = Harnaschpolder.

The area under protection was only investigated with test trenches. In this latter area a magnetometer
survey was carried out, in which none of the confirmed archaeological features (mainly pits and
ditches) could be magnetically mapped (Fig. 26). A modern ditch, however, did have a distinguishable magnetic response. In the section of a drainage trench that was freshly cut during the survey
a prehistoric ditch could be identified.
Harnaschpolder
At Harnaschpolder an Iron Age / Roman Period settlement with an associated parcelling system was
investigated with a combination of test trenches and excavations (Flamman & Besselsen, in press). A
magnetometer survey of part of the off-site area (Fig. 27) did not locate the continuation of any of the
Roman Period ditches or indeed of any of the other archaeological features that were confirmed by
excavation, but a post Medieval ditch could be mapped. In addition to strong anomalies caused by
modern ferrous pipes, highly magnetic anomalies of a possible geological nature (Fig. 27), not dissimilar to the features encountered in Smokkelhoek (Kattenberg & Aalbersberg 2004), were mapped in
the NE part of the survey area. During the excavation of an associated Roman Period settlement site,
due south of the surveyed area, samples could be collected for investigation.
To analyse the iron mineralogy of the soil, samples from archaeological features as well as from
undisturbed soil were taken and several methods of magnetic investigation were used, details of which
are briefly described in the following sections.
Low frequency magnetic susceptibility measurements
For bulk soil samples the magnetic susceptibility was measured on an AC magnetic susceptibility
bridge in the Department of Archaeological Sciences at the University of Bradford, UK. For
calibration, samples of manganese sulphate and high alumina cement were used to derive mass
specific magnetic susceptibility values.
For each sample averages of three instrument readings and two weight determinations were
calculated. For small sample masses (e.g. in advance of IRM measurements) magnetic susceptibility
was measured on an Agico KLY-2 Kappabridge in the Palaeomagnetic Laboratory of the University
of Utrecht, The Netherlands.
Fractional conversion
Fractional conversion was determined according to a procedure similar to that described by Clark
(1996). Approximately 10 ml of each sample was selected as a subsample (see Tables 13 and 14) and
weighed on a top-pan balance.
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Figure 26 The site of Broekpolder with the results of the magnetometer survey, the location of the magnetic
susceptibility samples (black dots) and the fractional conversion samples (black dots with core numbers). Also
shown are ditch section A (Fig. 28) and the location of the modern ditch, where samples for IRM measurements
were collected. The location of the trial trenches and the archaeological features within them has been superimposed on the results of the magnetometer survey. Large magnetic anomalies have been caused by dipwells
that were installed on the monument to monitor groundwater level and other parameters (Van Heeringen et al.
2004).
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Figure 27 The site of Harnaschpolder with the results of the magnetometer survey and the location of the cores
from which samples were collected for magnetic susceptibility measurements (grey), for fractional conversion
measurements (black) and for thermomagnetic measurements (core PYR). The data of fractional conversion
samples of cores A60 and A180 are presented in this paper (Table 14). The section from which the IRM
measurements are taken is located 400 meter to the south of the displayed area.

The volume of the samples was measured using a 25 ml cylinder and its magnetic susceptibility
determined as described above. One gram of plain flour was added to each sample before it was
placed in a porcelain crucible and covered with a porcelain lid. A Carbolite electric muffle kiln was
heated up to 650 ºC with the chimney closed. Once this temperature was reached the samples were
placed in the furnace and left in the furnace for one hour after the kiln had reached a temperature of
650 ºC again. This procedure creates high temperatures and reducing conditions sufficient to convert
most antiferromagnetic iron oxides to magnetite. The furnace was then switched off and left to cool
for half an hour before the samples were taken out. The lids were removed and the samples were
stirred with a wooden spatula. The furnace was switched on again with the chimney open. After
reaching 650 ºC the samples were put back into the furnace and heated for 45 minutes, achieving
oxidising conditions with organic matter in close contact with the soil. The furnace was then switched
off and left to cool for half an hour before taking the samples out. After reaching room temperature,
the volume of the samples was measured using a 25 ml cylinder and they were weighed using a toppan balance.
The magnetic susceptibility of the samples was measured as described above. The ‘fractional conversion’ of a sample is calculated as the ratio of its initial magnetic susceptibility to the value after the
heating cycle.
Since magnetic susceptibility of soil samples is dominated by ferrimagnetic iron-oxides, the initial
measurement indicates how much was created in antiquity while the latter readings show how much
could have been converted overall. Fractional conversion is hence a rough indicator for the intensity
of conversion in the past.
IRM components
Magnetic susceptibility of the samples was measured with a KLY-2 Kappabridge (see above) before
they were demagnetised with an AF demagnetiser.
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Using a PM4 pulse magnetizer, Isothermal Remanent Magnetisation (IRM) was acquired in the
samples in steps of increasing field strength: 0, 10, 15, 20, 25, 30, 40, 50, 65, 80, 100, 120, 150, 180,
200, 250, 300, 400, 500, 650, 800, 1000, 1200, 1400 and 1600 mT.
The samples were measured with a JR-5A spinner magnetometer after every step. A component
analysis was carried out on the results with the IRM-CLG 1.0 program developed by the Palaeomagnetic Laboratory of the University of Utrecht (Kruiver et al. 2001, Heslop et al. 2002) and two
components were fitted to the IRM curves since over-fitting with three or more components can
produce ambiguous data. This analysis is based on a comparison of IRM curves and allows to
distinguish components based on their magnetic hardness. IRM plots are a linear superposition of
cumulative log-normal curves for each magnetic constituent, described by three parameters (Kruiver
et al. 2001): the saturation magnetisation (SIRM), the field at which half the SIRM is reached (B1/2),
which is an indicator for the magnetic hardness, and the width of the distribution (dispersion
parameter DP), given by one standard deviation of the logarithmic distribution. The relative amplitude
(SIRM) of each component’s distribution can also be expressed as a percentage of the whole fit. In
order to convert these to elemental concentrations, typical SIRM values for the components would
have to be used. The width of the distribution (DP) is often used as a measure for the crystallinity of a
sample (high crystallinity for low DP). For the interpretation of the acquired data the following B1/2
values have been used to distinguish components:
soft component (ferrimagnetic)
30-50 mT
magnetite (with low DP)
50-60 mT
oxidized magnetite (maghemite) (with high DP)
hard component (anti-ferromagnetic)
0.5 to 1.5 T
hematite
1.5 to 2 T
goethite
These boundaries are based on values published by Kruiver et al. (2001, 2003), Kruiver & Passier
(2001) and Heslop et al. (2002).
Thermomagnetic measurements
To further analyse the magnetic composition of the soils a modified horizontal-translation-type Curie
Balance was used in the Palaeomagnetic Laboratory of the University of Utrecht, The Netherlands
(Mullender et al. 1993). This balance, with a sensitivity of approximately 5 x 10-9 Am2, has been
modified to enable the separation of the non-ferrimagnetic contribution (SIG2) to the total
magnetisation (SIG1). By cycling the applied field between 150-300 mT, the ferrimagnetic signal is
saturated, whereas the non-ferrimagnetic part of the signal has a linear dependency on the applied
field. SIG1 is equivalent to the classical thermomagnetic signal that is obtained in a steady field. For
this study only the total magnetization, calculated form both SIG1 and SIG2, is used.
Samples were placed in a quartz glass sample holder, fixed with quartz glass wool, and heated and
cooled in air in 16 runs of 15-150, 150-50, 50-250, 250-150, 150-300, 300-200, 200-350, 350-250,
250-400, 400-300, 300-500, 500-400, 400-600, 600-500, 500-650, 650-15 °C, at a heating rate of 10
°C min-1 and a cooling rate of 15 °C min-1.
This analysis provided further distinction of iron compounds, based on their thermal behaviour. In
particular, it allowed the identification of iron sulphides (Dekkers et al. 2000).
Samples Broekpolder
In the area of the magnetometer survey of Broekpolder, samples for magnetic susceptibility measurements were taken by hand auger (Fig. 26) from the topsoil, the undisturbed soil matrix, the fills of
possible archaeological features, and the 'presumed archaeological level', which was not recognized in
the cores, but is known to be present at the interface between the topsoil and the undisturbed matrix.
Samples were taken from the auger with a spatula and stored in polyester ziplock bags. They were
then air-dried on paper plates, and ground with a porcelain mortar and pestle. After the magnetic
susceptibility measurements, nine samples were selected for fractional conversion measurements (Fig.
26).
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Figure 28 The sampling location of the Broekpolder samples that were collected in ditch section A (top) and the
results of the magnetic susceptibility measurements and the component analysis of the IRM data for these
samples.

The prehistoric ditch, which was identified in a freshly cut drainage trench (Section A, Fig. 28), was
sampled for IRM measurements (upper and lower fill). Small plastic sample tubes were pushed into
the exposed section and also used for transport and storage. As the samples were obtained from above
the water table (aerobic part of the section), they were not freeze- but air-dried. Similar samples were
taken from the topsoil, the undisturbed matrix and from the modern ditch fill (the latter by hand
auger), which had produced the clear anomaly in the magnetometer data.
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Samples Harnaschpolder
At Harnaschpolder, a series of cores (three cm gouge auger) was established through the centre of the
surveyed area (Fig. 27) in order to investigate the magnetic susceptibility and the potential for
magnetic susceptibility enhancement (fractional conversion).
From the cores, samples from the topsoil, the presumed archaeological level, the undisturbed material
just below the archaeological level and from the undisturbed matrix at approximately 1 m depth were
collected.
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Figure 29 The sampling location of the Harnaschpolder samples that were collected from a Roman Period ditch
(top) and the results of the magnetic susceptibility measurements and the component analysis of the IRM data
(bottom). The topsoil sample has been taken from the section that is visible in the background of the photo.

Again, the archaeological layer was not always recognized during coring, but the Iron Age / Roman
Period surface was known to be present at the interface of the topsoil and the undisturbed matrix. In
two cores a possible old land surface (A-horizon) could be identified.
Twelve of the samples were selected for the heating experiment and subsequent measurement of their
fractional conversion, representing the topsoil, the A-horizon, the presumed archaeological layer, the
fill of a possible archaeological feature and the undisturbed soil matrix. Six samples, from cores A60
and A180 (Fig. 27) are presented in this paper.
A series of samples was taken from a section of one of the Roman ditches that was exposed during the
excavation south of the surveyed area (Fig. 29).
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The topsoil, the upper fill, the lower fill and the adjacent undisturbed matrix were sampled by pushing
plastic tubes into the exposed section (see above) and investigated with IRM measurements.
The highly magnetic linear anomaly just east of the centre of the survey area (Fig. 28) was sampled
with core PYR to be thermomagnetically measured on a Curie balance. A seven cm Dutch (screw)auger was used for the first meter and a three cm gouge auger for samples deeper than a meter. Since
some samples were taken from below the groundwater table (anaerobic part of the section), they were
stored in lidded plastic tubes and freeze-dried in order to avoid any possible chemical changes upon
exposure to air. To establish whether this treatment had an influence on the magnetic composition of
the soil, the magnetic susceptibility of a second set of 46 samples from a site in a similar setting as
Harnaschpolder (Smokkelhoek, see Kattenberg and Aalbersberg (2004) for details), was measured
before and after the freeze-drying using a KLY-2 susceptibility bridge (see above). Only minor
changes in the magnetic susceptibility of the samples were observed. Fourteen samples did not change
at all, 16 samples changed less than 5% and 9 samples less than 10%. The remaining four samples
changed by more than 10%., but in absolute terms this was less than 1 x 10-8 m3/kg in all cases. It can
therefore be assumed that limited chemical reactions had taken place in the samples during the
process of freeze-drying. This paper reports on three samples, from a depth of 0.05-0.15 m (above the
groundwater table), 3.74-3.76 m and 3.76-3.78 m (below the groundwater table).
5.4.4 Results
Magnetic susceptibility measurements
The results of the magnetic susceptibility measurements on the Broekpolder samples are summarized
in Table 11. The values for the magnetic susceptibility of all the samples are rather low, when
compared to, for example, England (see discussion). There is a magnetic contrast, however, between
the topsoil and the undisturbed matrix, and between the fill of the presumed archaeological features
and the undisturbed matrix.
Table 11 A summary of the magnetic susceptibility values of samples from Broekpolder. N is number of
samples.
topsoil
‘archaeological level’, under topsoil
?archaeological feature
undisturbed

mean magnetic susceptibility
x 10-8 m3/kg
17.55
5.6
10.47
4.98

standard deviation
x 10-8 m3/kg
2.38
0.76
4.67
1.72

range
x 10-8 m3/kg
14.65 - 21.68
4.82 - 6.66
7.02 - 21.90
2.98 - 9.80

N
12
5
10
19

Table 12 A summary of the magnetic susceptibility values of samples from Harnaschpolder. N is
Number of samples. Samples that deviate from the mean by more than 5 standard deviations have
been excluded; these are topsoil A140 (181.86 x 10-8 m3/kg) and archaeological level A0 (40.16 x
10-8 m3/kg). These samples are assumed to have very magnetic inclusions like metal, brick or hard
coal.
topsoil
‘archaeological level’, under topsoil
undisturbed
undisturbed 100 cm depth

mean magnetic susceptibility
x 10-8 m3/kg
12.88
9.81
7.05
5.19

standard deviation
x 10-8 m3/kg
2.69
1.83
1.67
2.41

Range
x 10-8 m3/kg
8.65 - 19.30
6.79 - 12.60
3.28 - 9.03
0.48 - 9.23

N
14
12
11
15

Results from the auger transect in Harnaschpolder (Table 12) show a decrease of magnetic
susceptibility with depth in all cores for deposits above the groundwater table. Magnetic susceptibility
values are low, and in a similar range to the Broekpolder samples. There is a contrast between the
topsoil and the undisturbed matrix, but no archaeological feature fills have been sampled.
On neither of the sites an enhancement could be observed in samples taken from the presumed
archaeological level.
Fractional conversion
The results of the fractional conversion measurements of the samples from Broekpolder are displayed
in Table 6 and show low values throughout.
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This is comparable to the values found by Crowther and Barker (1995) for cretaceous clays in Luton
(UK) which had a fractional conversion of 0-4%, and floodplain / levee deposits in Derby (UK) with
fractional conversion values ranging between 0 and 5 %. Low values reflect the low initial magnetic
susceptibility of the samples in combination with the much-increased susceptibility after heating. The
samples are sorted by their susceptibility after ignition, which gives a rough estimate of the amount of
iron that is present in the sample before ignition. Very high values are obtained in the samples from
the archaeological level, the archaeological features and the modern ditch fill. Lower magnetic
susceptibility is observed in samples from the topsoil and the undisturbed topsoil. The iron, in nonferrimagnetic form, is concentrated in the deposits between the topsoil and the undisturbed matrix (i.e.
in the presumed archaeological layer and within the possible archaeological features).
The results of the heating experiment for samples from Harnaschpolder are illustrated in Table 14
with two representative core profiles. The fractional conversion percentages are higher when
compared to Broekpolder, indicating that the relative amount of already converted iron oxides before
ignition was greater than at Broekpolder. In core A60, on the east side of the survey area, both the
initial magnetic susceptibility and the acquired susceptibility decrease down the profile. Core A180,
on the west side of the area, shows a markedly different result. Whereas the initial magnetic
susceptibility decreases down the profile, after ignition the possible A-horizon sample, just below the
topsoil, has the highest susceptibility, a similar situation to Broekpolder.
Table 13 The results of the heating experiment for samples from Broekpolder. Samples are sorted by descending magnetic susceptibility after ignition.
core

interval
(cm)

magnetic
susceptibilty
x 10-8 m3/kg

material

interpretation

A140

25-35

5.14

B40

30-40

6.17

A100

20-30

5.30

‘archaeological
level’, under
topsoil
?archaeological
feature
‘archaeological
level’, under
topsoil

A160

25-35

7.92

A180

15-45

7.93

A80

40-50

4.20

B20

5-15

17.37

A80
A80

5-20
85-90

16.96
2.98

grey sandy clay
with iron
staining
mixed brown
grey sand
light brown
grey sandy clay
with iron
staining
grey sandy clay
with iron
staining
dark grey sandy
clay with iron
stains and
organic
matter
light brown grey
clayey sand with
iron staining
brown grey
clayey sand
brown sandy clay
grey sand with
iron staining and
shell

magnetic
susceptibility
subsample
x 10-8 m3/kg
4.46

magnetic
musceptibility
after ignition
x 10-8 m3/kg
1053.5

fractional
conversion
%

6.11

987.58

0.62

5.27

984.91

0.54

modern ditch
fill

7.89

889.13

0.89

?archaeological
feature

7.03

679.13

1.04

undisturbed

3.44

671.34

0.51

topsoil

16.49

498.88

3.31

topsoil
undisturbed

14.81
2.52

456.96
119

3.24
2.12

0.42

IRM components
The results of the IRM component analysis are displayed in Figures 28 and 29. For all samples the
two identified components can be described as:
(i) a magnetically soft, ferrimagnetic component, either in the form of magnetite or oxidized
magnetite (approaching maghemite)
(ii) a magnetically hard anti-ferromagnetic component, either as hematite or goethite.
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Table 14 Cores A60 and A180 (see Fig. 27 for location) with the results of the heating experiment.
core

A60

top
of
layer
(cm)
0
30

magnetic
susceptibilty
x 10-8 m3/kg

material

interpretation

13.6
10.24

brown grey clayey silt
brown grey clayey silt

40

7.67

80

-

light brown grey sandy
silt with sandy layers
and shell
light brown grey sandy
silt with sandy layers
and shell and iron
staining
grey brown clayey silt
brown grey silty clay
light brown grey silty
clay with sandy layers
and iron staining
light brown grey very
silty clay with sandy
layers and iron staining
-

topsoil
'archaeological
level'
undisturbed

150#
A180 0
35
45

13.85
12.52
7.49

60

6.3

100#

-

magnetic
susceptibility
subsample
x 10-8 m3/kg
14.8
7.95

magnetic
susceptibility
after ignition
x 10-8 m3/kg
288.21
221.57

4.92
3.59

-

-

-

undisturbed

-

-

-

topsoil
?A-horizon

13.5
11.56
6.65

376.77
453.96
114.23

3.58
2.55
5.82

-

-

-

-

-

-

-

fractional
conversion
%

In Broekpolder (Fig. 28), the only hard component that was identified in the ditch section samples is
hematite. Therefore, there are only two iron oxide combinations; magnetite with hematite and oxidized magnetite with hematite. Magnetite is present in the two topsoil samples and in the modern
ditch fill, whereas oxidized magnetite occurs in the fill of the archaeological feature and in the undisturbed matrix. Based on iron mineralogy, the modern ditch has a topsoil-like fill, the archaeological ditch has not.
There is more variation in the Harnaschpolder samples (Fig. 29). In our interpretation, the topsoil and
the upper fill of the ditch (i.e. the latest fill) have a similar iron mineralogy, containing both magnetite
and goethite. The lower (primary) fill of the Roman Period ditch contains magnetite as well, but
alongside hematite. The sample of the undisturbed matrix resembles the undisturbed and archaeological feature samples from Broekpolder with oxidized magnetite as the soft component and hematite
as the hard component.
Thermomagnetic measurements
In Harnaschpolder, core PYR (Fig. 27) was obtained for thermomagnetic measurements. The results
of a representative set of three of the samples are displayed in Figure 30. These three graphs represent
the following samples:
(a) 5-15 cm, low magnetic susceptibility (17 x 10-8 m3/kg), above the groundwater table (Fig. 30a);
(b) 374-376 cm, low magnetic susceptibility (15 x 10-8 m3/kg), below the groundwater table (Fig.
30b);
(c) 376-378 cm, high magnetic susceptibility (114 x 10-8 m3/kg), below the groundwater table (Fig.
30c).
In the Curie plot of Figure 30a there is no clear evidence for the presence of a certain type of ferrimagnetic iron compound in the sample. The hyperbolic (and reversible up to ~300 °C) shape of the
plot is an indication of a mostly paramagnetic behaviour of the sample, probably caused by the clastic
material that forms the bulk of the sample. The irreversible decrease of the total magnetization of the
sample after the last heating run, however, is an indication that before heating there was some
ferrimagnetic material present in the samples, which was converted into a less magnetic compound by
the heating.
In the lower temperature part of Figure 30b there is an irreversible decrease of the total magnetization
from room temperature to approximately 315 °C.
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Figure 30a Results of the thermomagnetic measurements on samples from core PYR, heating in a solid line,
cooling in a dashed line; 5-15 cm, low magnetic susceptibility, above the groundwater table. The Curie plot
shows mainly paramagnetic behaviour with a small ferrimagnetic component.
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Figure 30b As Figure 30a; 374-376 cm, low magnetic susceptibility, below the groundwater table.

The thermomagnetic behaviour of greigite (Fe3S4) has been described by Dekkers et al. (2000), who
state that greigite shows such typical irreversible decrease of magnetization between ~250 °C and
~350 °C. A Curie temperature for greigite is difficult to establish due to the thermal decomposition of
the compound that occurs already at low temperatures. In the higher temperature range the plot is
dominated by the neo-formation of a ferrimagnetic compound above the temperature of 400 °C.
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Fig 30c As Figure 30a; 376-378 cm, high magnetic susceptibility, below the groundwater table. The irreversible
decrease of magnetization up to 315 °C may indicate the presence of greigite.

Due to the irreversible decrease of the total magnetization from 500 °C up to 580 °C, the newly
formed compound can most likely be identified as magnetite (Curie temperature of 580 °C), although
the total magnetization and the apparent Curie temperature may be influenced by the chemical
changes that have taken place in the sample during the measurement cycle. Greigite that is heated
under air will form magnetite starting from 400 °C in natural samples (Dekkers et al. 2000) and the
oxidation of pyrite to magnetite starts at approximately 420 °C (Van Velzen & Zijderveld 1992).
Given the low magnetic susceptibility of the sample, only a small amount of greigite is expected to be
present. The neoformation of magnetite may in this case mainly be caused by the oxidation of pyrite
in combination with the oxidative alteration of a small amount of greigite.
The Curie plot in Figure 30c is dominated by the irreversible drop in magnetization at lower temperature ranges, from room temperature to 320 °C. As in sample (b), this may indicate the presence of
greigite in the sample. Neo-formation of a ferrimagnetic compound starts at approximately 410 °C.
After a peak in magnetization, the total magnetization decreases irreversibly to a temperature of 620
°C, suggesting that maghemite (Curie temperature approximately 600-675 °C) rather than magnetite
(Curie temperature of 580 °C) may be the final ferrimagnetic product of this thermomagnetic run.
However, due to chemical alterations in the sample during the thermomagnetic investigations, this
conclusion remains speculative. The contributions of greigite and/or pyrite to this newly formed compound cannot be separated. The high magnetic susceptibility of the sample suggests that the ratio of
greigite to pyrite is higher in this sample than in sample (b). This also explains why the initial
irreversible decrease of magnetisation is more pronounced in this sample compared to (b).
5.4.5 Discussion
The magnetic susceptibility of the topsoil and the subsoil layers at Harnaschpolder and Broekpolder is
very low when it is compared to, for example, data from England, where a set of topsoil samples has
been collected in 10 km x 10 km grid squares, and measured for magnetic susceptibility (Dearing et
al. 1996, 2001). The average topsoil magnetic susceptibility of the 1176 English samples that were
collected was found to be 73 x 10-8 m3/kg. This set includes soils that contain primary ferrimagnetic
minerals (i.e. created in lithogenesis), whereas the estuarine soils under investigation in this paper are
expected to consist mainly of secondary ferrimagnetic minerals (i.e. derived from other iron compounds), which makes it difficult to compare the two sets of data.
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However, even when the samples are differentiated into categories of different geological background, the mean magnetic susceptibilities of the English samples are high in comparison to the
Dutch samples, the lowest being an alluvial gley soil with a magnetic susceptibility of 45 x 10-8
m3/kg, and a typical stanogley with a magnetic susceptibility of 36 x 10-8 m3/kg, compared to typical
values of 4-20 x 10-8 m3/kg in this investigation.
Not only were the magnetic susceptibility values low, the samples from the archaeological deposits
and the undisturbed matrix showed a limited magnetic contrast between them. The lack of archaeologically caused magnetic anomalies in the data from the magnetometer survey was confirmed by the
magnetic susceptibility measurements. Samples from cores as well as those from the sections in
Broekpolder and Harnaschpolder showed that there was no major magnetic susceptibility contrast
between the undisturbed matrix and the suspected archaeological level (and fill) of archaeological
features. Notably, however, a small enhancement of the archaeological feature fills was observed in
the core samples from Broekpolder. Would this contrast be sufficient for an archaeological feature to
be detected in a magnetometer survey? Taking this latter contrast (5 x 10-8 m3/kg) as an example, a
typical pit with dimensions 0.75 m x 0.75 m x 0.5 m, which is buried at 0.5 m depth would cause an
anomaly of ca. 1 nT in a single sensor magnetometer, and slightly less in a gradiometer. Although
within the detection limits of the fluxgate gradiometer that was used in this study, the anomaly is
small and may be difficult to detect if there is any soil noise. Moreover, there is no consistent
magnetic susceptibility contrast (i.e. either always positive or always negative) in the archaeological
samples, or not even within the same feature. In the Broekpolder ditch section, for example, the upper
fill has a negative contrast to its matrix, whereas the primary fill has a positive contrast. It is hence
possible that overall no noticeable magnetic anomaly is created.
Apart from the limited magnetic susceptibility contrast between the archaeological deposits and the
undisturbed matrix in Broekpolder, the IRM data showed that the deposits were mineralogically
similar as well. Whereas the undisturbed matrix and the feature fill samples contain a combination of
oxidized magnetite and hematite, the topsoil and the modern feature fill contain magnetite and
hematite. It is hence likely that the fill of the modern feature consists mainly of topsoil material,
which makes it detectable in a magnetometer survey because of the contrast to the undisturbed matrix.
Question remains why the undisturbed matrix and the archaeological feature fills are similar?
Based on the results of the heating experiment, the soils do appear to have a good potential for
magnetic susceptibility enhancement. In Broekpolder, the magnetic susceptibility of the topsoil is
slightly enhanced when compared to the undisturbed matrix, but curiously, the topsoil samples have
much lower magnetic susceptibility values after ignition than the presumed archaeological level and
the fill of modern and archaeological features. The convertible iron therefore appears to be
concentrated in the deposits at the interface of the topsoil and the undisturbed matrix, but, judging
from the low magnetic susceptibility values, largely in a non-ferrimagnetic form. The topsoil samples
contain less iron, but more of it is already converted into a ferrimagnetic form.
There are two ways to explain the similarity, both in magnetic susceptibility and in iron mineralogy,
of the fill of the archaeological feature and the undisturbed subsoil, either the two deposits were
already similar at the time of deposition, or one or both of the deposits have changed due to post
depositional processes.
A similarity between the undisturbed matrix and the feature fill could be due to the fill being derived
from the undisturbed deposits themselves (e.g. caving in of the sides of the feature) or if it is filled
with an undeveloped topsoil. This is unlikely because of the distinct colour difference between the
archaeological feature fill and the matrix, the former being darker in colour and containing organic
matter, i.e. being ‘topsoil-like’. The modern feature appears to be filled with topsoil material.
Because of its appearance it is possible that the archaeological feature is filled with (ancient) topsoillike material. Possibly a similar contrast as in the modern feature was once present in the fill of the
archaeological feature, but has disappeared under the influence of post depositional processes. The
processes that may have been of importance for the sites under investigation, the dissolution of iron
oxides by gleying, leaching, water logging and seawater logging are discussed in the following
section.
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Gleying
Few studies have investigated the possible dissolution of iron oxides in wet or waterlogged circumstances and the extent to which this may affect the magnetic susceptibility of archaeological deposits.
Le Borgne (1955) has suggested that maghemite can change into a non-ferrimagnetic iron oxide when
gleying occurs in the soil. During the process of gleying Fe(III) is dissolved under long lasting reducing conditions and relocated to a higher level, to the zone in which the groundwater fluctuates,
causing the typical iron staining.
In Broekpolder, the upper part of the soil profile has not been severely flushed from iron, as can be
seen in the data from the heating experiment. However, the lowest sample, A80 80-90cm, appears to
be affected, probably by gleying. It is likely that this process has added to the concentration of iron in
the presumed archaeological layer and the ditch fill. Iron staining, which was observed in the undisturbed deposits confirms this suspicion.
In Harnaschpolder the effect of gleying on the iron mineralogy can clearly be seen by comparing core
A180 and A60. Although all the magnetic susceptibilities are low, the amount of iron in the sediments, as can be estimated from fractional conversion measurements, is very different. In core A180,
the gleying horizon is present at 45 cm below the surface, below that level the sediment is flushed
from iron. Like in Broekpolder, the mobilized iron appears to have accumulated in the layer above,
the fractional conversion sample of which acquired a fairly high magnetic susceptibility after ignition.
This layer also contains a lot of organic matter. In core A60, the gleyed layer is located at greater
depth, starting at 80 cm below the surface. Here, gleying is less likely to have affected the iron mineralogy of the archaeological layers, and the fractional conversion data from this core show neither
flushing nor enhancement of iron in either of the two layers that were sampled. The depth of the
groundwater and gley zone on the location where the samples for IRM measurements were collected
is similar to core A60. In the section, iron staining could be observed just above the water table (Fig.
29).
Evidence of the gleying process can be seen in the results of the IRM measurements on both sites, as
hematite and oxidized magnetite (maghemite) are present in the subsoil, whereas these iron oxides do
not usually occur in the temperate climatic zone. Maghemite may however be formed during the
oxidation of green rust (Taylor 1980), i.e. during the oxidation of the gley zone. Hematite can form by
the dehydration of ferrihydrite, which is a common iron mineral in gleyed horizons. Alternatively
hematite and oxidized magnetite may have formed during a heating episode of the soil, but this would
not explain the concentration of hematite and oxidized magnetite in the subsoil. In Broekpolder, the
presence of these iron oxides in the archaeological deposits probably indicates that this level has been
affected by gleying.
Leaching
The process of leaching occurs, for example, during podzolisation. Iron is leached from the upper part
of the soil and redeposited at a lower level, in the case of a podzol in an ‘iron pan’ in the form of
(anti-ferromagnetic) lepidocrocite. Coarse (sandy) soils are more easily leached of iron than finer soils
or soils with a high organic matter content, and only very acidic conditions can mobilize iron according to Weston (1999).
Detailed groundwater measurements on the Broekpolder archaeological monument (Van Heeringen et
al. 2004) have shown that a slight to a more severe acidification of the topsoil layer has taken place.
In those locations where a calcareous layer is present, the acidity appears to be neutralized. It is likely
that the acidification of the topsoil has caused part of the iron to be flushed to lower layers. This
process can account for the observed increased iron content of the archaeological deposits when
compared to the topsoil, as manifest in the fractional conversion results.
The concentration of dislocated iron from acidification and gleying in the archaeological layer and the
fill of the archaeological features in Broekpolder can possibly be attributed to the high cation
exchange capacity of the organic matter that is present in these deposits. It is more likely, however,
that the iron has precipitated at this level, regardless of its composition.
In Harnaschpolder no signs of leaching were observed.
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Water and seawater logging
Weston (1999) has investigated the influence of waterlogging on the iron content and magnetic
susceptibility of the soil. He states that waterlogging will influence the magnetic susceptibility of a
soil as long as it is severe and long lasting (Weston 1999). Further research is needed to quantify ‘long
lasting’ and ‘severe’.
Westons research has concentrated on fresh water environments. In marine and estuarine environments however, soils and associated archaeological deposits may be waterlogged with seawater for a
considerable length of time. From an archaeological prospection point of view, there has not been any
attention to this process of seawater logging, but there has been in earth science. Experimental studies
into the dissolution of iron oxides under the influence of sea water show that almost all iron oxides,
including those that are critical to the magnetic detectability of archaeological features, can dissolve to
form iron sulphides (Raiswell & Canfield 1998, Canfield et al. 1992, Poulton 2004). Experimental
data for the time that is needed to dissolve various iron oxides is not conclusive (Table 15), but
appears to be of a short duration on an archaeological time scale.
Table 15 The reactivity of soil iron oxides to sulphide. After Canfield et al. (1992)
and Poulton et al. (2004).
iron mineral
ferrihydrite
lepidocrocite
goethite
hematite
magnetite

half-life (Canfield et al. 1992)
2.8 hours
< 3 days
11.5 days
31 days
(uncoated) 105 years, (coated) 230 years

half-life (Poulton et al. 2004)
12.3 hours
10.9 hours
63 days
182 days
72 days

A soil that stores iron sulphides in the anaerobic part of the soil section is a Potential Acid Sulphate
Soil, and usually occurs in (former) tidal, backswamp or estuarine environments. Dent & Pons (1995)
describe how soil iron sulphides are formed. Bacteria can reduce sulphate (SO4) from seawater to
H2S, and Fe(III) from the soil to Fe(II) during the decomposition of organic matter. Organic matter is
needed as a source of energy for these bacteria, and also for creating anoxic circumstances. This will
lead first to the formation of iron monosulphides, like pyrrhotite (FeS) (Berner 1984) and greigite
(Fe3S4) (Doner &Lynn 1989), and eventually to pyrite (FeS2).
Visual inspection and Curie measurements of the sediments of the anaerobic part of the soil section on
the location of the highly magnetic (geological) anomalies that were encountered in Harnaschpolder,
suggested that one of the intermediates to pyrite, i.e. greigite, is likely to be causing the unexpected
magnetic anomalies in the magnetometer data over the estuarine deposits. High magnetic susceptibility layers within these deposits appear to be associated with organic matter, pointing towards the
bacterial formation of the iron sulphides. The observed preferential formation of iron sulphides in
organic deposits may be of importance for archaeological prospection, as seawater logging may lead
to the increased detectability of archaeological features with a high organic matter fill.
Draining a Potential Acid Sulphate Soil triggers a series of chemical reactions that eventually
transform it into an Actual Acid Sulphate Soil. After the water levels fall sufficiently, oxidation starts
and the iron sulphides present in the soil react to form sulphuric acid (SO4) and iron in solution
(Fe(II)). In calcareous soils the acidity might be neutralized by calcium carbonate (CaCO3) in the
matrix (Ritsema & Groenenberg 1993). Crockford and Willett (1995) carried out an experiment on the
oxidation of sulphidic sediments. They found that during oxidation the magnetic susceptibility of the
soil material first decreases quickly, then more slowly and eventually rises slightly. This could,
according to the authors, be explained by the rapid decomposition of greigite upon exposure to
oxygen, followed by the somewhat slower decomposition of pyrite and the formation of a paramagnetic iron oxide, probably ferrihydrite.
Research into the type of iron oxide that forms upon the oxidation of pyrite in acid mine drainage has
found that goethite can be the end products of this process. In non-calcareous soils the iron can
precipitate as jarosite (KFe3(SO4)2(OH)6) creating the yellow mottling that is so characteristic for
Actual Acid Sulphate Soils.
It is inevitable that the iron mineralogy of a soil changes during seawater logging. Further experimental data are needed to identify the transformations of soil iron that can occur.
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For Broekpolder and Harnaschpolder the following model is proposed:
(1) before the sea / brackish water inundation, topsoil material and the fill of archaeological features
has possibly had an iron composition similar to the modern day topsoil;
(2) during the inundation, most of the iron is brought into solution by iron reducing bacteria during
persistent seawater logging;
(3) after the inundation, the iron precipitates during oxidation, either as ferrihydrite, or as goethite.
Apart from sea or brackish water logging, it is possible that the level of the superficial ground water,
which in Broekpolder is currently sweet water (Van Heeringen et al. 2004), has fluctuated in the past.
Reduction of iron oxides under the influence of sweet water is a slow process (Weston 1999) but the
subsequent oxidation of the sediment would follow the same process as with seawater logging, with
goethite as an outcome. Such changes in the past may have left very little evidence in the magnetic
soil record but the magnetically homogenised nature of the deposits is compatible with such explanation.
5.4.6 Conclusions
In the proposed scenario, the iron mineralogy of the investigated sections in Broekpolder and
Harnaschpolder has changed considerably due to post depositional processes like gleying, leaching
and (sea)water logging. It is likely that the iron composition of the undisturbed matrix and the
archaeological deposits has become homogenized due to prolonged water or seawater logging. During
sea or brackish water logging of the soil, iron is brought into solution, and iron sulphides may be
formed. The highly magnetic anomalies that were encountered in the magnetometer survey of
Harnaschpolder are likely to be caused by concentrations of iron sulphides, most noticeably greigite,
in the anaerobic part of the soil. Although the strong magnetic anomalies hamper magnetometer
surveys for archaeological purposes, the preferential formation of iron sulphides in organically rich
deposits may enhance the detectability of archaeological features in waterlogged conditions.
After the inundation and after the lowering of the groundwater table, gleying has caused iron to move
up in the soil profile, whereas in Broekpolder the acidification of the topsoil has caused iron to move
down in the soil profile. In Broekpolder, the iron of either or both of these processes has precipitated
at the level of the presumed archaeological layer and the archaeological features, resulting in a low
magnetic susceptibility and an undifferentiated iron mineralogy between the archaeological deposits
and the undisturbed matrix. In Harnaschpolder, gleying has had less effect on the archaeological
layers in the eastern part of the site, and the iron mineralogy of the archaeological deposits differs
from the undisturbed matrix. The oxidized magnetite / maghemite and hematite, which is occurring in
the subsoil at both sites, and in the archaeological deposits in Broekpolder, is thought to be the result
of the gleying process. The fill of the modern feature at Broekpolder, has not (yet) been exposed to
the processes that have been described above, its iron mineralogy and magnetic susceptibility are
similar to the topsoil iron mineralogy and susceptibility. The modern feature could be mapped in the
magnetometer survey that was conducted on the archaeological site, in contrast to the archaeological
features, which could not be mapped, probably because of changes in their iron mineralogy as a result
of the proposed post depositional processes.
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