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 Synthesis; implications and guidance for heritage management

6.  Synthesis; implications and guidance for heritage 
management

In this chapter the concluding results of this thesis, associated with the research objectives as de-
fined in section 1.2, are summarised and discussed.

This thesis aims to give a significant scientific contribution to:
1. improved mitigation options to reduce archaeological degradation in urban areas, and
2. adaptation of monitoring and management of waterlogged archaeological remains to in-

creased pressure by climate change and urbanisation.

Using the case study of Bryggen in Bergen, lessons were learned on monitoring, modelling 
and risk assessment that can be transferred to other urban archaeological sites. International 
knowledge exchange with the archaeological community and the wider planning - and geoscien-
tific communities has given new insights in how planning processes, legal issues and institutional 
arrangements at times inhibit effective cultural heritage management and safeguarding of water-
logged urban archaeological sites. A comparative review between Dutch and Norwegian cultural 
heritage and urban water management policy and practice strengthens these observations.

This thesis delivers guidance for scientific researchers working in the field of in-situ preserva-
tion, but more importantly, guidance for those who really can make a difference; urban planners 
and decision makers.

6.1.  Policy and practice in cultural heritage and water management 
in urban planning

City growth threatens sustainable development - a pattern of growth in which resource use 
aims to meet human needs while preserving the environment for present and future generations 
(The Brundtland Commission, 1987) - of cities. Over the past decades increased urbanization has 
created more pressure - not only on the suburban outskirts - but also in the inner core of the cities, 
putting important environmental issues, such as water management and cultural heritage, under 
stress.

Historic city centres face the challenge of new developments. This (re)development is typical-
ly part of a planned renewal, but at the same time directs attention to how historic buildings and 
archaeological deposits in the inner city should be managed (Harvold et al., 2015). Urban growth 
and climate change put pressure on urban developers to ensure future resilient and sustainable 
communities, where water management adaptation and new urban development go hand in hand, 
while at the same time taking care of historic buildings and archaeological heritage. The fact that 
cultural heritage and water management are interdependent (Holden et al., 2006, 2009; De Beer 
& Matthiesen, 2008) requires a policy that reflects a more holistic approach in contrast to the 
traditional sectoral approach.

In contrast to the attention given to the visible (above-surface) expressions of cities, there is 
a marked lack of appreciation of the subsurface among those who plan, develop and manage cit-
ies (Malim et al., 2015). This is often manifested in a general lack of co-ordinated policy on the 
subsurface. Therefore, the area beneath the cities is used inefficiently at best and unsustainably at 
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worst; safeguarding of subsurface ecosystem services, such as “stewardship” for archaeological 
heritage, lacks robustness and conflicting uses of the subsurface are largely unaddressed. Conflicts 
with prior uses and unappreciated impacts on other subsurface resources, amongst them archae-
ological heritage, make use of underground space in cities suboptimal. In terms of ecosystem 
services, the subsurface environment acts either as a carrier of archaeological heritage in situ 
(stewardship) or supports above-ground cultural heritage. Often, it’s not enough to protect the 
heritage site or monument itself: new developments outside a specific protected area can lead to 
changes in groundwater level and cause serious damage to heritage buildings and archaeological 
deposits (De Beer and Seither, 2015).

Future sustainable urban development that includes the subsurface as an integrated part of the 
city requires a fundamental understanding that the city itself is a result of interactions between 
anthropogenic and geological processes, illustrated in Figure 91.

Management of cultural heritage, both in urban or rural settings, is often related to surface 
-and groundwater management. Dewatering is one of the greatest concerns for those managing 
waterlogged archaeological sites, as well as a great danger for wooden foundations of above-
ground monuments. To ensure their long-term survival, waterlogged organic material needs to 
remain waterlogged year-round as this significantly reduces the diffusion of oxygen required for 
most bacterial decay and aerobic corrosion reactions (Historic England, 2016).

In the framework of this thesis, a comparative review of policy and practice between the Neth-
erlands and Norway was carried out. It clearly showed that although both countries have adopted 
the same European policy, the interpretation and application of the policy in practice shows signif-

Cultural legacy
monuments
archaeology

Industrial legacy
contamination
resource mining
water abstraction
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Modern development
ground source heat
sustainable drainage
groundwater recovery
subsurface constructions
storage
transport / tunnels

1800 1900 20001000

Figure 91: Urban development legacies (De Beer, 2016)
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icant differences, both in relation to cultural heritage protection and in relation to water manage-
ment. The interdependency between both fields for archaeological heritage protection, thus results 
in different archaeological management practices between the Netherlands and Norway.

As described in chapter 2, since January 1, 2018, a so-called "duty of care" is included in 
the Norwegian Water Resource Act, related to the possible impact of measures on groundwater. 
The main argumentation for the introduction of a duty of care was that activities in relation to 
the exploitation and use of groundwater have increased significantly in recent years, and that it 
was necessary to adapt the existing legislation in response to today's requirements, to achieve 
improved societal efficiency. The Norwegian Government concluded that the previous legislation 
hampered putting groundwater management into practice both for authorities and practitioners. 
The regulation for measures influencing groundwater were therefore clarified in line with the ex-
isting regulation for surface water measures. In addition, changes were made to the requirement to 
obtain a licence for rights to groundwater, implicating that assessments now are triggered by any 
groundwater measure that potentially can have noteworthy effects on general (public) interests. 
Potential damage to cultural (archaeological) heritage is one of those interests. Any stakeholder 
that has interests within the area of influence of measures can invoke section 45, meaning that an 
assessment must be made.

Although the above changes in the Water Resources Act are positive for archaeological heri-
tage management, the proposal is merely a clarification of existing legislation, rather than a new 
legal opportunity to better protect archaeological heritage. The existing Planning and Building 
Act already gave municipalities the opportunity to better protect (urban) archaeological heritage 
using municipal plans that include zones of special consideration and prohibits measures that neg-
atively affect neighbouring plots, also in line with the Neighbouring Act. The changes in the Water 
Resources Act are additions to these existing legal instruments. Therefore, policy and legislation 
of groundwater and cultural heritage management in Norway remains fragmented.

The Dutch transition towards a collective set of legislative instruments for integrated water 
management through the Water Act (2001-2009) has led to improved consideration of water in ear-
ly stages of the spatial planning process. Cultural Heritage management is linked to the same spa-
tial planning process, strengthened by the Heritage Act of 2017. In this respect, the Dutch policy is 
far less fragmented than the Norwegian policy. Still, it seems that the connection between cultural 
heritage management and integrated water management, is not fully exploited in the Netherlands 
either. The reason for this is a lack of knowledge and awareness among urban planners and water 
managers on the importance of water for the preservation conditions of archaeological remains 
and other cultural heritage. Raising awareness among different disciplines and providing proper 
guidance are therefore essential steps to achieve successful integration of both fields into urban 
planning. Both in the Netherlands and Norway, improvement is needed.

An overview of current practices in cultural heritage management and integration of subsur-
face knowledge (de Beer, 2016), was produced during COST Action TU1206 Sub-Urban (2013-
2017). The main aim of this overview has been to enhance awareness of cultural heritage as a 
driver for urban subsurface knowledge development and sustainable urban water management. A 
secondary aim has been to develop guidance for other cities. Urban planning still shows a lack 
of co-ordinated policy on the subsurface, although progress is being made. In urban development 
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processes, conflicts with prior uses and unappreciated impacts on suburban resources, amongst 
them archaeological heritage, are either unaddressed or taken care of too late in the planning 
process (de Beer, 2016).

The comparative review carried out in the framework of this thesis and the overview of cur-
rent practices (de Beer, 2016) show that improved management practice and better in-situ protec-
tion of archaeological heritage is mainly dependent on increased awareness and knowledge among 
heritage and water managers, as well as among other urban decision makers.

6.2.  Hydrogeological characterisation and monitoring of urban ar-
chaeological sites for risk assessment

The case study of the World Heritage Site Bryggen in Bergen illustrates how an effective mul-
ti-disciplinary collaboration can lead to a proper risk assessment and cost-effective sustainable 
solutions to establish a stable hydrological environment with good preservation potential. The 
extent of the research that has been carried out at the World Heritage Site of Bryggen is unique 
both in size, duration and involvement of scientific disciplines.

The term “monitoring” is often used for any activity that involves systematically recurring ob-
servations of selected parameters or situations to see how it changes over time (De Gruijter et al., 
2010). This thesis shows, through the Bryggen case study, that it is important to develop a moni-
toring strategy in which separate monitoring stages are discerned, where each stage has different 
aims and monitoring procedures. The aim of recurring observations during the initial so-called 
baseline study is to characterise and describe the current state and ongoing processes of a site. At 
this stage, no threshold values have yet been defined above which certain (mitigative) measures 
should be taken, and the investigation is focused on understanding the spatial and dynamic be-
haviour of the system. Monitoring at this initial stage is referred to as baseline monitoring. Once a 
sufficient geoscientific and archaeological understanding has been accomplished, new monitoring 
procedures are defined, and the project enters a stage where the established understanding is veri-
fied and followed over time. This stage may if necessary be divided into one or more transition or 
mitigation stages and a (semi-) permanent stage where in-situ preservation over time is verified.

When it comes to describing and assessing the hydrogeological conditions at a site, this doc-
toral thesis and other research have shown that a common pitfall is that an archaeological risk 
assessment is limited to the archaeological site itself, and that the wider surroundings are not 
(fully) considered. At Bryggen, this pitfall became clear once the project involved hydrogeological 
expertise, back in 2005. Before 2005, a large amount of evidence had been collected mainly by ar-
chaeologists and geotechnical engineers on the deteriorating archaeological state of preservation, 
including observations related to increased subsidence and instability (Multiconsult, 2004). The 
observations were related to groundwater level measurements, but the understanding of the pro-
cesses involved was limited. This limited understanding was caused by the fact that the installed 
groundwater observation wells were a mere by-product of archaeological boreholes, instead of 
designed instruments with the purpose of hydrogeological data collection. The primary goal had 
been archaeological data collection and creation of sampling opportunities to describe the burial 
environment of the documented archaeological material at the borehole location itself. Inclusion 
of hydrogeological expertise at the Bryggen site offered an additional perspective and led to the 
placement of new observation wells that were not primarily designed for archaeological documen-

204



 Synthesis; implications and guidance for heritage management

tation, but also with the purpose of collecting hydrogeological data to improve the understanding 
of the flow conditions at the site. At several locations, observation wells were placed with the sole 
objective to measure groundwater pressure head or phreatic groundwater level, and archaeological 
documentation was of secondary importance. The development of a groundwater baseline moni-
toring network at the site, including the wider surroundings, resulted in a much better understand-
ing of the environmental conditions that determine the preservation conditions of the site. This 
understanding has had decisive consequences for the mitigation measures that were carried out.

Other pitfalls and sensitivities that this thesis has looked upon through the Bryggen case 
study, are not only specific to groundwater monitoring of urban archaeological deposits, but also 
more general to groundwater monitoring as a hydrogeological method. Pitfalls and sensitivities 
are related to instrument errors, conversion errors, defects of the observation well and time lag ef-
fects. The Bryggen case has shown that particularly barometric time lag effects may affect ground-
water level measurements in observation wells within relative impermeable archaeological depos-
its, leading to observation errors of up to several decimetres. This shows that it is important to 
have long-term groundwater measurement series, in combination with measurement of barometric 
pressure, to correctly assess groundwater levels within archaeological deposits. Manual measure-
ments over shorter periods of time may include significant errors and are certainly not sufficient 
to draw unambiguous conclusions on groundwater flow directions and flow velocity.

The thesis has shown that geological framework modelling (section 6.4) followed by or par-
allel with numerical groundwater modelling are tools that can contribute to improve the under-
standing of the often complex, three-dimensional build-up of an archaeological site; both in terms 
of describing variable natural and anthropogenic ground conditions and in terms of dynamic flow, 
heat and chemical processes that in turn affect in-situ preservation conditions. By combining 
groundwater monitoring (quality and quantity) with geological and hydrogeological modelling, a 
virtuous circle of knowledge improvement can be achieved, where both model(s) and monitoring 
systems are steadily improved (Figure 92). 

Figure 92: Virtuous circle of knowledge collection using groundwater monitoring and modelling.
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2. Monitoring data 
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Once sufficient baseline understanding is achieved, groundwater models may be used for the-
oretical assessment of alternative mitigative actions; at Bryggen for example to assess the potential 
effects of creating a hydrological barrier or raising drainage levels.

Hydrogeological characterisation includes the process from initial geological information 
gathering, baseline monitoring to 3D modelling of the subsurface and monitoring of the dynamic 
processes that influence archaeological preservation conditions. A proper and risk assessment of 
in-situ degradation potential that is reproducible across different sites requires data collection and 
management in all four dimensions that is based upon thoroughly standardised and linked data 
models within the geoscientific and archaeological domains. Section 6.4 discusses ways forward 
in terms of standardisation and modelling.

6.3.  The use of sustainable urban drainage systems for mitigation 
strategies

Although the basic principles of storm water infiltration have been applied for centuries under 
natural circumstances and some international experiences had been gained in urban areas, the 
practical implementation has raised many questions, such as: “How will infiltration facilities per-
form in the long run? Will infiltration facilities be adapted by residents, and how will they deal 
with them? Which contaminations does storm water contain and how effective are infiltration 
facilities in capturing them?” For archaeological deposits, more specific questions are related to 
how storm water infiltration may increase decay of organic cultural deposits, e.g. through addition 
of oxides, increase of water flow or increase of temperature. To answer the general questions, the 
first systems were subjected to measuring programs to document the quantitative, qualitative and 
social functioning of the infiltration facilities. For this thesis, the more specific questions related 
to in-situ preservation were addressed by carrying out a literature study on the design, function-
ing and monitoring of sustainable urban drainage systems (SuDS) with the objective to apply and 
adapt SuDS principles to actively enhance subsurface environmental conditions beneficial for 
in-situ preservation. At Bryggen, SuDS principles have been applied and adaptations have been 
made to accommodate for mitigation of damaging environmental conditions. First monitoring 
results of those facilities are used to prepare new guidance for the application of SuDS at archae-
ological heritage sites.

The case Bryggen has shown that infiltration-type SuDS and in-situ preservation of organic 
archaeological deposits are potentially highly compatible. The paradigm-change towards retain-
ing and local use of storm water instead of direct transport and drainage provides a unique op-
portunity for heritage management to improve the in-situ protection and preservation of organic 
archaeological remains in a cost-effective manner. It is however important to understand that the 
most sustainable solution in terms of mitigative measures at a heritage site, does not exclude “less 
sustainable” solutions. The use of green infrastructure and SuDS to restore and maintain the water 
balance at the Bryggen site are by themselves regarded as environmentally sustainable, but in this 
case, they also support a greater good, the preservation of an extremely highly valued heritage site. 
There are alternative technical solutions than green infrastructure to preserve Bryggen, which in 
the traditional approach would fall into the category “less sustainable”. These have been assessed 
in the process of selection of mitigative measures. However, seen from a wider sustainability 
value perspective, the safeguarding of Bryggen as a heritage site is the most sustainable option 
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for land and water management. Although SuDS and other green infrastructure were selected to 
be the primary solution and most cost-effective for safeguarding Bryggen, also “less sustainable” 
water management solutions were needed to achieve the greater sustainable good: preservation 
of Bryggen. Permanent groundwater pumping has been implemented to ensure high groundwater 
levels, particularly during dry periods. Still, the total mitigation is the most sustainable result from 
a holistic urban planning and heritage management perspective; namely preservation of Bryggen 
and its world-wide recognised cultural heritage value.

In relation to in-situ archaeological heritage preservation, infiltration-type SuDS have proven 
to be particularly suitable for restoring and retaining the water balance, reducing fluctuations of 
the phreatic groundwater level and increasing humidity in the unsaturated zone. This reduces the 
amount of oxygen in the subsurface, thus reducing degradation processes of organic remains. A 
range of SuDS types only require shallow excavation for construction, thereby avoiding physical 
disturbance of the archaeological remains. From a water management perspective, SuDS are often 
designed to achieve optimal pollutant removal from often heavily polluted stormwater runoff. For 
in-situ archaeological heritage preservation, pollutant removal is obviously less critical (water is 
better than no water), although care should be taken with respect to oxidising components such as 
sulphate (in road salt, seawater) and particularly oxygen.

The benefits for archaeological heritage should therefore be recognised as one of the benefits 
of SuDS applications. Existing SuDS guidance (CIRIA, 2015) does not yet explicitly recognise 
this benefit, thereby overlooking potential savings for society. Design criteria in existing SuDS 
guidance are generally applicable to sites with archaeological deposits. Attention must however 
be paid to the site-specific boundary conditions given by the archaeological site, such as limited 
excavation space and ability to remove oxidants.

CIRIA (2015) considers a minimum distance of 1 m between the base of infiltration systems 
and the maximum likely groundwater level. This is to minimise the risk of groundwater rising into 
the infiltration component and reducing the available storage volume, to protect the functionality 
of the infiltration process by ensuring a sufficient depth of unsaturated material and to protect the 
groundwater from any contamination in the runoff. This criterium is often not achievable and not 
desired in areas where archaeological deposits are present in the shallow subsurface. The main 
goal at archaeological sites is to achieve permanently higher soil moisture content as well as high 
and less variable groundwater levels. At non-archaeological sites, rapid emptying of the infiltration 
facility gives a hydraulic advantage and increases the amount of stormwater that can be  handled 
during succeeding events. This is reflected in hydraulic design criteria for SuDS in terms of dis-
charge criteria and required half-emptying times (CIRIA, 2015). Although the emptying time of 
infiltration facilities at archaeological sites still is important for the growth conditions in the fa-
cility, the capacity to receive succeeding rainfall events of the same magnitude is less important. 
To achieve maximum infiltration, a “treatment train” sequence of storage and infiltration facilities 
for stormwater management (Figure 66) will maximise retention, storage and removal efficiency.

From the above, the largest uncertainty is related to the infiltration capacity of the subsur-
face, in this case archaeological deposits. When the archaeological deposits have a relatively low 
hydraulic permeability and thus infiltration capacity, stormwater infiltration will rapidly lead to 
increased soil moisture content and saturation of the deposits. The permeability of archaeologi-
cal deposits is of course dependent on the deposit composition and matrix (e.g. organic material 
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and sand or clay), but also on the state of preservation. Organic archaeological deposits that are 
primarily within the unsaturated zone above the groundwater level, may have considerable higher 
permeability because organic material has been degraded since deposition. At such locations, 
care should be taken with applying infiltration solutions, as increased water flow through the de-
posits may change an existing delicate soil-water balance and trigger increased degradation. One 
could say that the archaeological deposits “preserve themselves” if they are capable to absorb soil 
moisture during rainfall or active infiltration events. If infiltration leads to rapid flow through de 
deposits, this will likely increase the oxygen exchange in the soil profile and increase degradation 
processes.

6.4.  Integrated 3D modelling for subsurface planning and in-situ ar-
chaeological heritage management

Sustainable urban planning in heritage cities requires a multidisciplinary approach to protect and 
preserve archaeological heritage and at the same time facilitate viable urban development.

The use of 3D modelling requires classification of subsurface entities, either they are of geo-
logical (sands, clays etc) or anthropogenic character (fillings, cultural deposits, infrastructure etc.). 
An efficient and consistent portrayal of the 3D subsurface thus requires improved classification 
systems for the subsurface. Currently, the (hydro) geological and archaeological fields use various 
descriptions for subsurface entities, such as soil type, lithology, stratigraphic units and for process 
descriptions in the subsurface related to e.g. groundwater flow and soil- and groundwater chemis-
try. Effective and sustainable in-situ preservation will require a terminology which is more tuned 
to both domains, and standards.

This thesis has addressed the need for new and improved classifications for archaeological de-
posits and their properties. It is suggested that this can partly be achieved through adaptation and 
extension of available classifications for other types of artificial ground (Ford et al., 2006). Such 
a classification facilitates deposit and excavation modelling and an objective decision support tool 
for the management of cultural heritage in-situ.

Visualisation of three-dimensional ground conditions, flow patterns and archaeological obser-
vations, made possible by combining modelling and monitoring efforts, has proven to be crucial 
in communication with stakeholders. For the Bryggen case it is argued that simplified 3D visual-
isations of conceptually modelled ground - and groundwater conditions during early stages of the 
project, have been decisive for communicating the threats and necessity for mitigative measures 
at the World Heritage Site to heritage authorities and politicians. A relatively simple 3D video 
animation of the groundwater flow conditions in combination with changed ground conditions 
caused by the parking lot with surrounding sheet piling was produced in 2008, see Figure 93. 
At that point, the understanding of the conditions at the site was still at a relative early stage, 
strengthened by limited observations of groundwater heads, but not yet unmistakeably proven by 
observed facts. The figure triggered a kind of “eureka moment” among those stakeholders that 
were not used to visualising 3D groundwater conditions in the subsurface, and suddenly under-
stood a previously incomprehensible problem. Since 2008, the further development of 3D visual-
isation tools such as described in chapter 5 of this thesis, has contributed to improved awareness 
of the role of groundwater and urban development in archaeological heritage preservation. This 
underpins the conclusion from section 6.1 that improved management practice and better in-situ 
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protection of archaeological heritage is mainly dependent on increased awareness and knowledge 
of the  soil-water system among heritage and water managers, as well as among other urban deci-
sion makers.

Within archaeology, national standards have been developed to ensure secure uniform data 
storage, accessibility and reuse of research data, such as the SIKB0102 (2012) included in the 
KNA in the Netherlands. These standards are mostly based on documentation of metadata about 
research projects. Objective and consistent risk-assess-ment of archaeological sites requires how-
ever digital mapping methodologies and assessment of monitoring parameters in 3D and 4D 
(time), for which no internationally agreed standards exist yet.

Classification and standardisation of mapping, monitoring and modelling methods, particular-
ly in 3D and 4D (time), are challenging. Geologists and archaeologists have developed 2D digital 
mapping methods over many years. Digital data management of geological data has become more 
consistent and internationally standardised for one- and two-dimensional assessments; either at 
the surface, at single observation points, in boreholes and in soil profiles. Through the OGC1 , data 
exchange standards are made through a consensus process and are freely available for anyone to 
use to improve sharing of the world's geospatial data. GeoSciML (www.geosciml.org) is a data 
model of geological features commonly described and portrayed in geological maps, cross sec-
tions, geological reports and databases. The model was developed by the IUGS CGI (Commission 
for the Management and Application of Geoscience Information) and version 4.1 (2016) is the first 
version officially submitted as an OGC standard. This specification describes a logical model and 
GML/XML encoding rules for the exchange of geological map data, geological time scales, bore-
holes, and metadata for laboratory analyses. It includes a Lite model, used for simple map-based 

1 The OGC (Open Geospatial Consortium) is an international not for profit organization committed to making quality open 
standards for the global geospatial community.

Figure 93: Screenshot of 3D video animation of the hydraulic head in combination with hotel parking lot at 
Bryggen in Bergen (de Beer, 2008)

209



Chapter 6

applications; a basic model, aligned on INSPIRE, for basic data exchange; and an extended mod-
el to address more complex scenarios (http://www.opengeospatial.org/standards/geosciml). Geo-
SciML includes many features that are comparable to archaeological features and may provide 
a basis for development of an own data model for archaeological data. GeoSciML does however 
not yet include 3D and 4D representations. For exchange of groundwater data, the OGC standard 
GroundWaterML2 can be used (GWML2, http://www.opengeospatial.org/standards/gwml2#over-
view). This standard is designed to enable a variety of data exchange scenarios and can readily be 
used for a scenario that considers the role of groundwater in in-situ preservation of archaeological 
sites. The scenarios that capture the five use-cases for the development of GWML2 do also cover 
the needs for data exchange related to groundwater and archaeology, i.e. description and prop-
erties of aquifers (archaeological deposits), groundwater flow and constituents, monitoring wells 
and so on. CityGML is an open standardised data model and exchange format to store digital 3D 
models of cities and landscapes. It defines ways to describe most of the common 3D features and 
objects found in cities (such as buildings, roads, rivers, bridges, vegetation and city furniture) and 
the relationships between them. It also defines different standard levels of detail (LODs) for the 3D 
objects, which allows to represent objects for different applications and purposes (www.citygml.
org). A range of applications across many domains have been developed, among them in the field 
of archaeology (Biljecki et al, 2015). 

An internationally accepted archaeological data model has not yet come to fruition, although 
discussions and local attempts are made. The interdisciplinary character of archaeological data 
modelling and storage forms a challenge. Current GIS systems are widely considered to be time 
consuming, non-standardized and not tailored to address the huge diversity of parameters (time, 
uncertainty, etc.) in the complex archaeological data (De Roo et al., 2014). While various inde-
pendent and site-specific projects make efforts to develop an archaeological GIS and integrate 3D 
data, the “persistent lack of standardisation in the structure of archaeological datasets” (Schloen, 
2001) persisted a decade later (McKeague et al, 2012). This shows that the development of an ar-
chaeological data model is a challenging task. Existing data models in archaeology are still mostly 
site-specific or typical for an archaeological organisation (De Roo et al., 2013).

The number of projects that integrate the management, analysis, and visualization of 3D ar-
chaeological data is still limited and most are object-oriented, including the Bryggen case as 
discussed in chapter 5 of this thesis. In archaeology, both the three spatial dimensions and the 
temporal dimension are of vital importance and handling them simultaneously in geographical 
information systems (GIS) would facilitate better insights and more complex analyses (De Roo et 
al., 2013). De Roo et al. (2013) suggest that the first step towards an archaeological 4D GIS should 
consist of a conceptual data model that suites all data particularities, based on the object-space-
time relation (Figure 94). Secondly, an event-driven approach as described by Cripps (2013) has 
been found particularly suitable for archaeological modelling, as this approach makes the core 
concepts of subjectivity, multivocality, temporality and uncertainty explicit within archaeological 
information systems. Such an approach links objects, people and places by events and results in 
a place-people-event-stuff relationship (Cripps, 2013). Both approaches are not completely unlike 
different geological mapping and modelling approaches, where one discerns object-driven litho-
logical mapping (object-space-time) and event-driven geological process mapping (place-event-
object), although the event-driven approach in archaeology is much more complex due to the 
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focus on in-depth understanding of anthropogenic processes (people - stuff). De Roo et al. (2013) 
suggest combining both archaeological approaches in a data model as illustrated in Figure 95. 

For preservation risk assessment of archaeological sites, the object-space-time relation between 
archaeological and hydrogeological information is of direct relevance. The interrelationship be-
tween the properties of archaeological and geological deposits and the hydrogeological processes 
within these, define the preservation conditions and risks for degradation. Adding event-driven 
archaeological information to a data model, such as suggested by De Roo et al. (2013) will give 
considerable additional benefits in terms of improved contextual understanding but is not relevant 
in terms of risk assessment of the objects/deposits themselves. Including geological information in 
a data model contributes to improved contextual understanding for archaeologists. The connection 
between the archaeological event-driven approach and geological depositional processes is rele-
vant to document and understand archaeological context of findings. For example, knowing the 
difference between sand deposited by natural processes such as flash floods, rivers, beach waves or 
anthropogenic processes (man-made) gives significant understanding about the environment that 
people lived in during the time of deposition.

objectsspace / 3D time

scale

uncertainty

Figure 94: Five factors of archaeological data complexity in 
an object-oriented approach (after De Roo et al., 2013)

objectsspace / 3D time

scale

uncertainty

stuffpeopleevent place

Figure 95: Linkage between object-oriented and event-oriented approach in archaeology 
(after De Roo et al., 2013)
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Data models with links between geological, archaeological and other geoscientific domains 
with a thorough standardisation will significantly increase the usefulness for a broad range of 
stakeholders, as indicated by De Roo (2013). A complex data model based on integration of both 
object and event-based approaches, as illustrated in Figure 95, serves multiple purposes. In terms 
of risk-assessment of archaeological sites, the object-based approach as illustrated in Figure 94 
is however sufficient. Building such a data model, either according to Figure 94, and possibly ex-
pandable along the lines of Figure 95, that meets at the same time all user requirements, takes a 
process of continuous repetitive adjustments and modifications that is agreed upon by the scientif-
ic community. This can be achieved through the OGC. Attention must be paid to existing interna-
tional standards and data models in other domains, such as GeoSciML, CityGML and GWML2.

6.5.  Concluding remarks

To carry out in-situ preservation of archaeological deposits, heritage authorities, policy and deci-
sion makers as well as the wider research community require guidance and tools to make informed 
decisions. Communication and knowledge dissemination should take the perspective of those who 
can benefit most from it and to those who can really make a difference; planners, engineers, devel-
opers and other (urban) decision makers. Urban development generally threatens the co-existence 
of archaeological deposits and therefore, stakeholders involved in urban development should be 
addressed. This perspective is much wider and more multidisciplinary than the expert perspective 
of the knowledge provider (i.e. the archaeological, subsurface or water management specialist). 
Communication must therefore become more “outside and in”, rather than “inside and out”. A 
prototype example of a communication tool designed to fit this wider perspective, is the sub-urban 
toolbox provided by COST Action TU1206 (COST Action TU1206 Sub Urban, 2017). It comprises 
a fit-for-purpose suite of recommended methodologies, good practice, guidance, and case studies 
to enable the free flow of key subsurface data and knowledge and be delivered to all those engaged 
in subsurface issues to enable improved urban planning and sustainable development. The toolbox 
includes guidance on cultural heritage management, with some good practice examples (De Beer 
et al., 2016). It is a free access source of knowledge, relevant to the needs of both researchers and 
urban policy- and decision-makers. The toolbox is currently available through the information 
portal http://sub-urban.squarespace.com/toolbox (last accessed June 22, 2018).

6.5.1.  Integrated planning and policies

Based on the comparative review carried out in this thesis (chapter 2), it is concluded that an obli-
gation to include archaeological assessments in development projects contributes to a reduction in 
the rate of loss of archaeological heritage. Such an obligation is provided by the Cultural Heritage 
Act in Norway for all Medieval archaeological deposits. It gives unprecedented protection for 
a significant selection of archaeological material but is still lacking for younger archaeological 
deposits. An integrated water management approach such as implemented in the Netherlands, 
steered by comprehensive guidance and single legislation, not only places water earlier in the 
planning process, but also facilitates the early inclusion of archaeological heritage. This improves 
good prospects for in-situ preservation of sites, independent of the type or age of the archaeo-
logical material. Raising awareness among different disciplines and providing proper guidance 
are, however, essential steps for achieving successful integration. Both in the Netherlands and 

212



 Synthesis; implications and guidance for heritage management

Norway, improvement is needed. Good practice examples such as available through the toolbox of 
COST Action TU1206 Sub-Urban are considered a way forward as the toolbox considers a large 
range of subsurface topics and therefore attracts stakeholders from different disciplines.

A national or European standard that lays down both quantitative and qualitative requirements 
for environmental monitoring of archaeological deposits would improve the objectivity and com-
parability of site investigations. The Norwegian Standard (NS9451:2009) provides such a frame-
work. Increased objective knowledge about local preservation conditions will promote integration 
between the participating disciplines. As mentioned in section 6.4, standard data models would 
facilitate increased integration and data exchange both within the archaeological community and 
between disciplines. It is recommended that development of internationally approved (OGC) data 
models that are object-driven (object-space-time) are prioritised above data models that also in-
clude event-driven contextual archaeological information. Attention to and re-use of existing data 
models within geosciences and architecture will increase interdisciplinary knowledge exchange, 
but also directly influence in-situ preservation options at archaeological sites as knowledge be-
comes easily available at early stages in development process.

6.5.2.  Risk assessment

This thesis has illustrated that risk assessment of urban archaeological sites with respect to in-situ 
preservation requires a holistic and multidisciplinary perspective. Risk assessment must include 
a wider understanding of the hydrogeological conditions in which the archaeological deposits are 
embedded. Monitoring of groundwater quality and quantity, in combination with (hydro)geolog-
ical modelling are tools to improve understanding and quantitatively assess the factors affecting 
degradation. The extensive use of modelling and monitoring tools at the case study of Bryggen in 
Bergen is exceptional and can certainly not be a standard set of measures for risk assessment. It 
is recommended that cost-effective risk assessment always starts with building up a proper con-
ceptual understanding of the site and its surroundings. Simple visualisations, ranging from hand-
drawn drawings to conceptual 3D model animations, at the early stages in a project will engage 
stakeholders, improve common understanding and effective communication. Risk assessment re-
quires combining standardised archaeological observations (SOPS) with spatial information on 
groundwater saturation, head, flow and chemical composition in a single, interrogable three-di-
mensional framework. The framework model constructed for the Bryggen site, using a proprietary 
software tool, illustrates the possibilities and benefits of such a 3D model. Challenges lie in the 
cost-effective construction of such models due to the lack of standardised data as mentioned in 
section 6.4.

Secondary sources of information that may indicate ongoing degradation, such as observed 
terrain movement or building subsidence from geotechnical investigations or satellite imagery 
(InSAR) are important for risk assessment of archaeological sites, particularly for identifying 
potential degradation processes in the subsurface. At the Bryggen site, geotechnical levelling for 
subsidence monitoring on terrain and buildings has been carried out since 2001 (Jensen, 2015). 
Because terrain and building subsidence is merely a consequence of groundwater pressure chang-
es and possible degradation, this aspect has not been considered in this thesis. However, terrain 
subsidence and building damage may be the first indications of ongoing degradation of archaeo-
logical deposits in the subsurface. Observations of terrain and building movement are therefore 

213



Chapter 6

important aspects in early risk assessment of archaeological sites.
The new ESA Sentinel satellites (https://sentinel.esa.int) are delivering a wealth of data and 

imagery that are central to Europe’s Copernicus programme, among them interferometric synthet-
ic aperture radar (InSAR), also known as radar interferometry. This is a technique that can extract 
deformation information based upon analysis of the phase difference between two radar signals 
acquired from the same area at different times. Advanced InSAR algorithms can resolve milli-
metre-scale movements of infrastructure and natural terrain. Urban subsidence, due to both man-
made, geological and degradational processes, is becoming an important application of InSAR. A 
first analysis of subsidence in the historic centre of the city of Bergen (NO) using InSAR data was 
carried out by Haukedal (2017). It showed that the terrain subsidence in the historic area of Bergen 
is largely confined by the extend of the archaeological deposits. InSAR imagery showed that the 
largest subsidence is taking place at locations with significant thickness of archaeological depos-
its, among them the World Heritage Site of Bryggen. InSAR also showed seasonal variations in 
the subsidence rates, with highest rates during late summer and lowest rates during winter. These 
temporal variations coincide with variations in the local groundwater head (Haukedal, 2017). The 
large scale and high spatial and temporal resolution of InSAR imagery makes this method suitable 
for initial mapping of areas with terrain subsidence potentially caused by degradation of archae-
ological remains. InSAR data provided by the Copernicus program is freely available, which also 
makes it a cost-effective tool for risk assessment.

Subsidence in organic, subsidence-sensitive soils, such as archaeological deposits, normally 
happens due to one or either 1) momentary (elastic) and primary (elasto-plastic) subsidence and 
2) creep and other secondary subsidence (plastic subsidence and decay). Momentary and primary 
subsidence happens by load increase on the ground by fills, construction of buildings and large 
long-term loads in storehouses, or by lowering of the groundwater hydraulic head leading to in-
creased effective tension in the archaeological deposits. Secondary subsidence happens by trans-
formation and resettling of mineral and organic soil grains and decay of organic matter, forming 
cavities and a weakened soil structure, which in turn leads to compactions (Jensen, 2015). At the 
Bryggen site, intensive subsidence and groundwater monitoring has made it possible to establish 
a causal link between subsidence rates and hydraulic head (Jensen, 2015). Although multiple 
factors do affect subsidence rates, changes in hydraulic head are the primary cause of ground 
movement at the Bryggen site. This can also be expected at other archaeological sites with sat-
urated or semi-saturated organic deposits. In risk assessment it is important to discern changes 
in the phreatic groundwater level, causing oxygen ingress and direct decay, from changes in the 
deeper pressure head that induce primary (elasto-plastic) subsidence, but not organic decay. At 
the Bryggen site, increase of the deeper pressure head below the archaeological deposits (section 
4.5.9) caused an immediate reduction of the ongoing subsidence rate. This is of course positive in 
terms of damage reduction of the historic buildings, but the direct effect on the phreatic ground-
water level and thus organic decay within the archaeological deposits is limited. Effective miti-
gation of organic decay needs to focus on reduction of the unsaturated zone, and thus increase of 
the phreatic groundwater level. Measures to reduce the unsaturated zone are more effective if the 
hydraulic head boundary conditions below (or outside) the archaeological deposits support this 
target. The increase of the deep pressure head changed the vertical groundwater flow conditions 
(partially even from downward to upward flow) and reduced the risk of lowering of the phreatic 
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groundwater level and consequently organic decay. This example shows that risk assessment and 
proper identification of mitigative measures require an understanding of the site within its wider 
natural and man-made surroundings.

6.5.3.  Sustainable in-situ preservation and management

This thesis has illustrated that in-situ preservation of waterlogged urban archaeological sites is 
challenging and requires a multidisciplinary approach to achieve and maintain long-term protec-
tion and preservation. In terms of “sustainability”, the Bryggen case has shown that in-situ pres-
ervation of archaeological deposits challenges the traditional way of assessing sustainability, par-
ticularly in relation to the required scale and conceptual boundaries to be applied (Christensson 
et al., 2012). Archaeological deposits in Norway are classified as a vulnerable, non-renewable 
resource, and thereby eligible for sustainable management. Their protection and is therefore polit-
ically supported and a national target for the government. Assessing what is the most sustainable 
option for land and water management in areas where archaeological deposits are important assets 
to preserve, is not a simple task. If a mitigative solution ensures long term in-situ preservation 
of archaeological deposits, this task by itself fulfils the sustainability criterium within the wider 
scope and international value of the archaeological deposits, independent of the type of mitigative 
action. This means that permanent pumping or the use of traditional (regarded non-sustainable) 
technical solutions to ensure in-situ preservation does not necessarily overturn the results of a sus-
tainability assessment. The bigger goal, from a holistic urban planning and heritage perspective, 
namely preservation of an internationally highly valued site is still achieved. The Bryggen case is 
an exceptional example of this, but the outfall at other archaeological sites may well be different. 

Before assessing sustainability options at archaeological sites, it is therefore essential to care-
fully define the boundary conditions in terms of space, time, potential benefits and criteria (sec-
tion 3.2.4). At (urban) archaeological sites, on needs to consider the total value of multiple benefits 
and use them to disseminate sustainability thinking and outcomes. Redevelopment and mitigation 
at threatened archaeological sites can potentially be done in many ways. A starting point for the 
appraisal of a (combination of) options should be to challenge the drivers. What is the value of 
the archaeological material? Is a certain amount of loss acceptable? What is the value of other 
development or areal use aspects? Do certain mitigation options create additional benefits (e.g. 
environmental, social)? A summary of the total multiple benefits, preferably in monetary terms, 
should form the basis for management decisions. In the Interreg project SKINT, a new method 
for sustainability assessment that may serve as a decision-support tool for urban developers was 
established (section 3.2.5). The method included the determination of multi-value benefits of pro-
posed developments, expressed as far as practicable in monetary units (Ashley et al., 2012). In this 
thesis, its application was successfully tested on the Bryggen case (section 3.2.6).

The discussions on sustainability with different stakeholders working in the fields of land 
and water management, archaeology and geosciences have been extremely useful to understand 
how appraisal of options is carried out, and why it often fails. Multiple benefits can only be fully 
appreciated if professionals succeed in looking beyond their own disciplines and consider as wide 
conceptual boundaries in space, time and content as possible. To assess and consequently "sell" 
the benefits and impacts of decisions it is necessary to take all aspects of sustainability and the 
specific circumstances relevant to each decision into account, here illustrated by the Bryggen case.
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To cope with the dynamic changes in developing urban areas, water needs to take a more 
prominent role development and planning process. Changing conditions demand innovative and 
resilient solutions, particularly in dense urban areas, and these can only be implemented when wa-
ter issues are taken into consideration in the early stages of urban planning and in holistic develop-
ment design. This implies that a wide group of professionals needs to be engaged, many of whom 
will have little or no formal training in hydrology, hydrogeology, hydrochemistry, hydraulics, 
water purification processes, or have little awareness of new threats and opportunities that may 
occur because of changing water and land management, for example related to in-situ archaeolog-
ical preservation. A better integration of the land and water management processes requires active 
dissemination of the multiple benefits and impacts of decisions to a wide group of professionals.

The idea of presenting the benefits of options to decision makers, ideally monetised, couched 
in ‘sustainability’ language, seems to offer the best possibility to get options taken up that are as 
sustainable as possible. Recently emerging ideas about multifunctionality, multi-value and getting 
more from less in investments in adapting to climate change are important in this respect (Ashley 
et al., 2012). A cost-benefit analysis was carried out for the Bryggen case study to show that, with 
careful consideration of the boundary conditions, it is possible to present and the benefits of im-
plementing sustainable solutions in monetised terms.
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