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Chapter 4

This chapter is based on and previously published in De Beer (2005, 2008), De Beer and Matthiesen 
(2008), De Beer et al (2012), De Beer and Seither (2015), De Beer et al. (2015), De Beer et al. 
(2016), Rytter and Schonhowd (2015), Matthiesen et al. (2016), De Beer and Boogaard (2017) and 
Boogaard et al. (2014, 2016) as indicated in the text. New analyses and interpretations have been 
added, particularly in section 4.4.

106



 Bergen - World Heritage Site Bryggen

4.  Bergen - World Heritage Site Bryggen

Abstract

The World Heritage Site Bryggen in Bergen is characterised by uniquely well-
preserved archaeological deposits up to more than 8 meters in thickness below 
historic wooden tenements from 1702. In 1955, a large fire destroyed a third 
of the site. Following archaeological excavations at the destroyed part of the 
site, Bryggen was placed on UNESCOs World Heritage List in 1979; all the 
archaeological remains and the historic buildings above are considered a 
single cultural monument. In 1979, the destroyed area was redeveloped with 
the construction of a hotel and parking lot. In the last decades, increased 
degradation and subsidence by lowered groundwater levels caused by the 
redevelopment, formed a serious threat for the safeguarding of the site. A 
multidisciplinary investigation, including hydrogeological monitoring and 
modelling, has given invaluable understanding of the subsurface conditions at 
the site and the natural and human-induced factors that affect archaeological 
degradation. Based on these investigations, mitigation measures to improve 
groundwater condi-tions were designed and implemented. Evaluation shows 
significant improvement in groundwater conditions, and therefore in-situ 
preservation conditions. The Bryggen case shows that sustainable water 
management and in situ preservation of water-logged urban archaeological 
sites, are highly compatible when carried out based on sound hydrogeological 
knowledge.

4.1.  General site description

Until recently it was thought that King Olav Kyrre founded the city of Bergen around 1070 AD. 
Research (Hansen, G., 2005) has however discovered that Bergen was founded as a trade centre 
somewhere between 1020 and 1030, either by Olaf II of Norway (Olav Haraldsson or Olaf the 
Holy) or Cnut the Great (Knut den Mektige). It is considered to have replaced Trondheim as Nor-
way’s capital in 1217, and that Oslo became the de jure capital in 1299. Towards the end of the 13th 
century, Bergen became one of the Hanseatic League’s most important bureau cities.

The city’s oldest urban development and financial centre throughout medieval times was lo-
cated on Bryggen, along the Vågen harbour. The earliest recorded buildings were single-storey 
post structures, set in parallel rows up from the shore, which in the 11th century lay about 140 me-
tres further inland from today’s quay front. As the need for storage space increased, the buildings 
were extended into the harbour. By the 13th century, Bergen was an important centre for Europe-
an trade and a national administrative centre for church and monarchy, for the kingdom and the 
church. By this time, Bryggen was a densely built-up area with around 30 properties - “tenements” 
(Hansen, G., 2005).

Around 1360, a “Hanseatic Kontor” or trading office was set up on Bryggen in Bergen, as in 
Novgorod, Brugge and London. For the next four centuries, the Germans dominated life on Bryg-
gen. They based their trade on dried fish (cod) exports and grain imports. When the dried fish was 
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brought to Bergen from North Norway, the wharves and sheds seethed with activity. Counterpoise 
hoists were used to load and unload cargoes, which were then provisionally stored in quayside 
sheds before being taken to the warehouses. 

The position of the Hanseatic League in Europe grew weaker during the 16th and 17th cen-
turies as various national governments gained stronger control over their own trade. Norwegian 
merchants took over the first Hanseatic firms on Bryggen in 1630, and by 1740, only nine firms 
were left in German hands. Many of the German merchants became citizens of Bergen. On 17 Oc-
tober 1754, the Norwegian Kontor was set up to replace the German Kontor. After the 1850s, the 
arrival of the industrial era was felt also on Bryggen. The traditional stockfish trade was gradually 
replaced by new businesses. The old harbour area soon became unsuited to the requirements of 
modern and rational transportation and storage of goods. New zoning plans demanded redevelop-
ment. Maintenance was neglected, and decay set in (Rytter and Schonhowd, 2015).

The city has throughout its history been plagued with numerous great city fires. Documented 
years of the fires are 1170, 1198, 1230, 1248, 1332, 1293, 1413, 1429, 1476, 1527, 1702 and 1955. 
The greatest fire to date happened in 1702 when 90 percent of the city of Bergen was burned to 
ashes. During the latest fire in 1955 almost half of the remaining parts of Bryggen burned down. 
After this fire, many people wanted to demolish Bryggen and build modern brick buildings. The 
Cultural Heritage Law from 1951 did however demand archaeological excavation before renew-
al could take place. The major excavations led by Asbjørn E. Herteig took 13 years to com-
plete (1955-1968) and were supplemented by further excavations up to 1979 (Herteigh 1969, 1985, 
1990). The excavations enormously increased the knowledge on Bergen’s history. They provided 
evidence of continuous development and land reclamation for the harbour over a period of more 
than 1000 years. It changed the general opinion from total demolishment to preservation of the 
remaining structures at Bryggen.

After the archaeological excavations were completed, a hotel with underground parking was 
constructed in 1979, west of the remaining part of Bryggen. Today, low phreatic groundwater 
levels and increased flux of oxygen in the subsurface, leading to decomposition of organic ar-
chaeological deposits and subsequent settling are an acute threat to Bryggen. The problems are 
primarily caused by changed ground conditions (De Beer, 2008; De Beer and Matthiesen, 2008). 
To avoid constructional damage of the building due to high groundwater pressures, a drainage sys-
tem was constructed below the subsurface hotel parking. Although the hotel and drainage system 
are enclosed by a wall of sheet piling, it has lowered groundwater levels in the surrounding area, 
particularly at the rear of Bryggen, where loss of organic material has led to settling rates up to 8 
mm per year (Jensen and Stordal, 2004).

The remaining buildings at Bryggen stand on thick layers of building rubble and waste from 
several centuries of human activity.  The buildings at Bryggen today were rebuilt after the Great 
Fire in 1702.  The excavations have shown that under the buildings still standing today, there are 
cultural layers up to more than 8 metres thickness, consisting of wood and timber and other organ-
ic matter.  Under the buildings at the front of Bryggen, the depth to the bedrock is about 12 metres. 
The wooden quay dating back to the same period stretched about 25 metres out from the front of 
the buildings and is currently covered by asphalt and several layers of cobblestones. 

In 1979, Bryggen was placed on UNESCO’s World Heritage List under section (a): “Monu-
ments, groups of buildings and sites”, under criterion (iii) “Bear a unique or at least exceptional 
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testimony to a cultural tradition or to a civilization which is living or has disappeared” (UNESCO, 
1979). The site’s nomination was mainly due to the importance of the remaining building struc-
tures and the rich underlying cultural deposits. Everything that makes up the World Heritage Site 
of Bryggen - the archaeological remains and the 61 buildings standing above, in other words from 
the underlying bedrock to the rooftops - is to be understood as parts of a “continuum”, making up 
a single cultural monument. 

A large restoration project is running from 2001 to 2021, covering all the buildings and their 
foundations. This strategic project aims to bring Bryggen to a state of repair that is in accordance 
with its status as a World Heritage Site, and where no more than an ordinary level of building 
maintenance is necessary. More details on the history of Bryggen are given in Christensson et al. 
(2004).

4.2.  Archaeological description

Many archaeological investigations in the Bryggen area, both the major excavations from 1955-
1968 in the northern half and later excavations in the southern half, have revealed a settlement 
structure based on tenements (Norw.: gård). A typical tenement comprises two building rows 
aligned approximately perpendicular to the waterfront, and this arrangement goes back to the 
start of the 11th century (Hansen, 2005). The buildings rested on top of foundations that were 
almost always of timer, or a combination of timer and stone.  These foundation structures were 
filled with cultural deposits reaching substantial thicknesses. Archaeologists first started paying 
serious attention to the massive deposits at Bryggen after the latest fire in 1955. Herteig’s major 
excavation from 1955 to 1968 represents one of the largest ever undertaken in Europe and was 
the first where modern archaeological methods were employed on a medieval site (Herteig 1969, 
1985, 1990). The archaeological descriptions in this thesis are mainly based on the documentation 
by Herteig, supplemented by more recent documentation carried out by Dunlop (2008a, 2008b, 
2008c, 2008d, 2008e, 2009a, 2009b, 2010a, 2010b, 2011, 2012a, 2012b and 2015).

4.2.1.  Archaeological documentation

At Bryggen, the cultural, archaeological deposits, with their “cargo” of constructions and ar-
tefacts, add up to a thickness exceeding 8 metres in places, with 10 or more separate building 
phases on top of the other (Table 12). The “typical” sequence consists of layers with high organic 
content interspersed with fire-layers, the latter being the remains of many fires that struck Bergen 
in medieval and later times.

The Bryggen chronology

In contrast to most urban sites in other countries, the situation at Bryggen was unique in that the 
occupation layers were more or less intact beneath the burnt-out upper crust. The reason for this 
is that here, as elsewhere in Norway, timber has been continuously used as the main building 
material right from the founding of the town, whereas in other parts of Europe, building stone 
became usual from the 13th century onwards. The archaeological documentation was based on 
absolute and relative dating systems. The starting point was the series of fires, which, according 
to documentary evidence, affected the Bryggen area. The extensive layers of burnt material were 
often of greater help for the archaeologist than other layers, as they provided a direct physical link 
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between features. For practical reasons the fire layers were recorded numerically from the top, 
starting with the fire in 1955 as 0, 1702 as I, 1476 as II, and so on (Table 12).

The above-described method of relating the traces of fire found in the deposits to absolute 
years may seem inflexible, but it could nevertheless be applied without disadvantages over most of 
the excavated site. However, the deposits concealed more than just buildings that at a certain time 
had been destroyed by fire. At several locations, there were found one or more layers of structur-
al remains that had not been burnt or traces of partial rebuilding in between various fire levels. 
These intermediate layers or traces of structures have been called Phases, while the term Period 
has been reserved for the time span between one fire and the next, cf. Table 12. Both the phases 
and periods have been recorded and numbered parallel with the documented development, with 
Period 1, Phase 1 (abbreviated to 1.1) as the earliest level, and Period 9, Phase 2 (i.e. 9.2) as the 
latest. Partial rebuilding was recorded as a Sub-Phase within the respective phase.

Buildings, foundations and substructures

The purpose of this way of documentation was to establish a relative and - as far as possible - 

Fire Date Fire Interval Period Building Phase

0 1955

9
9.2

Ia prev. unknown 9.1 9.1.1.

I 1702

Ib prev. unknown
8

8.2

8.1 8.1.1.

II 1476

7 7

III 1413

IIIb 1393

6

6.3

6.2 6.2.1

6.1 6.1.1

IV 1332

5
5.2 5.2.1

5.1 5.1.1

V 1248

4
4.2

4.1

VI 1198

3
3.2 3.2.1

3.1 3.1.1

VII 1170/71

2
2.2

2.1

VIII prev. unknown

1
1.2

1.1

Table 12: Bryggen chronology (after Herteig, 1985)
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absolute chronology for the site. This meant documenting the relationships between the building 
phases. As the remains of buildings, foundations, passages, quays etc., traditionally form the main 
elements in the archaeological stratigraphy, the detailed recording was also important with regard 
to the final synthesis. In this context, the term “building” has been given a wide connotation, 
embracing everything from the defined structure to the foundations within a limited area, even 
though no above-ground remains of a building had survived. In a chronological context it is the 
level, or horizon, which is the most essential unit, whether there are remains of buildings or not. 

The foundations included scattered stone layers, continuous ground walls, posts, and stakes 
set in groups, as well as horizontal timbering. The underlying substructures ranged from small, 
square, log-built caissons measuring circa 2x2 metres (Norw.: “kar”) to larger more complex 
systems (Norw.: “bolverk”). Whatever their size and function, they were all constructed on the 
same principle: the timbers were laid with their ends overlapping each other at right angles to form 
rectangular units.

The extensive archaeological documentation provided by Herteig (1969, 1985, 1990, 1991) 
provides only occasional information on the natural circumstances under which the excavations 
took place, for example on the fact that at a certain location the work was difficult due to the 
continuous flow of water into the excavation or due to waterlogged deposits. The description of 
drainage systems and wells does however provide indirect clues on how the hydrological situation 
has been during the different periods. The archaeological documentation by Herteig is used in this 
thesis to refer to those descriptions where appropriate with respect to the preservation challenges 
that Bryggen is facing today.

4.2.2.  State of preservation

The part of the site that was excavated in 1955 to 1968 revealed layers that contained very well-pre-
served artefacts and large timber constructions, as well as infill material, production waste and 
waste from several fires in the area (Herteig, 1969). It was the excellent state of preservation of 
organic materials such as wood, leather, bone, and plant material that made these deposits out-
standing, even if there were also found inorganic artefacts of for instance iron, glass and pottery. 
Soil samples from the more recent, ongoing monitoring project have shown that the state of pres-
ervation is still good in most of the area, with a few exceptions (Dunlop, 2008-2015). Laboratory 
analyses of soil samples have shown that the water content is often >100 % (weight to dry weight) 
and the loss on ignition is typically 10 to 70 % in most layers, with lower values in a few inorganic 
layers in between. The loss on ignition (LOI) is measured as the weight loss when igniting the 
dried soil at 450 °C and is interpreted as the organic matter content of the soil (Matthiesen, 2008).

The state of preservation has been documented by NIKU. Registration has been carried out 
using a standard documentation scheme and categorized according to the State of Preservation 
Scale (see section 2.2.2.5). For detailed description of the state of preservation per borehole is 
referred to Dunlop (2008-2015). A visual representation of the 3D distribution of SOPS is shown 
in Figure 15, using colourized “borehole-sticks” (see also chapter 5). 

Although the state of preservation is still good in most of the Bryggen site, certain areas show 
less well preserved remains coinciding with hydrological and chemical conditions that indicate a 
less favourable preservation conditions. 

The factors relating to the state of preservation situation corresponds well with the areas A-D 
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delineated by Matthiesen (2008) based on a) mechanisms governing preservation conditions and 
b) observed preservation conditions. The approximate spatial extend of these areas are shown in 
Figure 16. In this section, the state of preservation of the four areas is shortly described based on 
Dunlop (2015), while the environmental preservation conditions are further elaborated in section 
4.2.3. 

Area A is characterised by relatively thin archaeological deposits in general, with a relatively 
high degree of modern disturbance. It is the area most severely affected by dewatering (Christens-
son et al., 2007) and has a generally unsatisfactory state of preservation (Dunlop, 2004-15).

Area B is characterised by thick archaeological remains with a high degree of modern dis-
turbance, both due to instalment of a (leaking) sheet piling enclosing the neighbouring hotel site 
as well as modern filling material in the upper 2 meters below the terrain surface. Dunlop (2010) 
observed a pronounced vertical disparity in state of preservation, where the upper four metres 
of the archaeological deposits generally exhibit a poor state of preservation and the lower four 
metres of the deposits generally show a good to excellent state of preservation. However, the only 
documented case of deterioration in the state of preservation of an archaeological deposit lying at 
great depth is in area B. It is the comparison between MB13 (2005) and MB15 (2009), positioned 
only a few meters apart. Dunlop (2010a) describes concrete indications of deterioration of archae-
ological strata at a very deep level. The classification moved from “excellent” to “good”. Although 
one might still consider “good” as satisfactory, this is considered a quantum jump in the wrong 
direction over a very short period.

Area C is characterised by think archaeological deposits and a low degree of modern dis-

bedrock
�ll
beach sediments
cultural layers
modern fills
hotel construc�on

excellent
good
medium
poor
lousy
undefinable

Figure 15: 3D view with borehole-sticks showing documented state of preservation according to SOPS (de Beer et 
al, 2012).
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turbance. A high proportion if loose, sandy, relatively permeable deposits down to as much as 5 
 metres from the surface is observed in the available drilling logs (Dunlop, 2008a, 2010a, 2010b), 
and ingress of salty water. Dunlop observed the same vertical disparity in the state of preservation 
as described for area B, but no deposits yet found in area C exhibit an excellent state of preserva-
tion (Dunlop, 2015).

Area D has very thick archaeological deposits with a very low degree of modern disturbance 
and a very satisfactory state of preservation (Dunlop, 2015). High groundwater levels are observed. 

4.2.3.  Preservation conditions

Monitoring of urban archaeological deposits such as those at the Bryggen site is characterised by 
an extreme heterogeneity in both content and environmental conditions. This makes monitoring 
and assessment of preservation conditions with the purpose of long-term in-situ preservation a 
major challenge. Although also groundwater chemistry shows a strong heterogeneity within the 
site, Matthiesen (2008) showed that a relatively simple groundwater chemistry model (Figure 16 
and Figure 17) can be used to identify areas with very good preservation conditions, and areas 
with more questionable conditions. 

By using three different types of water (seawater, rainwater and “old” stagnant groundwa-
ter), this model explained some of the trends observed, and a ‘‘fingerprint’’ of groundwater from 
areas with different preservation conditions is characterised. There are some strong correlations 
between different species indicating that the 100,000 m3 archaeological deposits at Bryggen can 
be understood and treated as a single unit (albeit with varying preservation conditions). The im-
plications for the preservation conditions are discussed in detail in Matthiesen et al. (2008). In 
brief, the greatest threat against the organic rich archaeological deposits at Bryggen is the loss 

A

C

D

B

Figure 16: Approximate areas with different preservation conditions (after Christensson et al., 2007)
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of organic material and thus loss of the information represented by this material. Often decay is 
limited by the supply of oxidants.

Area A is characterised by relatively thin archaeological deposits in general, with a relatively 
high degree of disturbance. It is the area most severely affected by dewatering Christensson et al., 
2007) and has a generally unsatisfactory state of preservation (Dunlop, 2004-15). Preservation 
conditions are poor due to high ingress of oxygen.

Area B is characterised by a supply of oxygen and nitrate- rich rainwater (Matthiesen, 2008). 
These are both very reactive and will oxidise organic material in the soil. Area B spatially lim-
ited to an elongated, relatively narrow zone along the sheet piling dividing the hotel area and the 
Bryggen heritage site. Groundwater monitoring and tracer tests along the sheet piling (Basberg, 
2011) showed a shallow and rapid groundwater flow pattern parallel to the sheet piling towards the 
harbour front. Infiltrating rainwater was quickly drained through the upper meters of infilled ma-
terial covering the archaeological deposits along the sheet pile. Preservation conditions are poor 
due to rapidly changing conditions and supply of oxygen and nitrate-rich rainwater. Preservation 
conditions improve with depth.

Area C is characterised by a supply of sulphate caused by seawater intrusion or flooding of 
the quay. The potential oxidation capacity of sulphate from seawater is much higher than that of 
oxygen dissolved in rainwater, but the reactivity of sulphate is much slower (Matthiesen, 2008). 
Preservation conditions can be characterised as medium to good.

Area D is characterised by relatively stagnant “old” groundwater with a high content of re-
duced species such as sulphide, dissolved Fe (II), Mn (II) and methane, as well as HCO3

-, NH4
+, 

Ca2+ and K+. There is no oxygen or nitrate in the water. Matthiesen (2008) concludes that the 
preservation conditions in this area, represented by observation well MB6, are probably as good 
as it gets at any urban site, and may be characterised as good to excellent. High concentrations 
of ammonium and bicarbonate are indicative for stagnant conditions and very slow groundwater 

Figure 17: Simple model of the groundwater chemistry and -formation in the archaeological deposits at Bryggen, 
based on the water samples from 14 dipwells. ‘‘B’’ indicates the contribution from rainwater, ‘‘C’’ the contribution 
from seawater, and ‘‘D’’ the contribution from old stagnant water. ‘‘A’’ indicates the position of an area with 
preservation problems due to a lowered groundwater level (source: Matthiesen, 2008).
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exchange.
Detailed monitoring using oxygen-temperature-depth (OTD) sensors (Matthiesen, 2008), 

showed how dynamic conditions can be in a single observation well. Understanding of these dy-
namics is essential not only to assess the value and meaning of single water chemistry sample, but 
also to assess the threat to in-situ preservation caused by time periods with high oxygen ingress 
and strong temperature variations. It shows that manual sampling and measurement of ground-
water levels and temperature will not yield the information required for a proper assessment of 
preservation conditions at sites with dynamic hydrological conditions.

With the above described hydrogeochemical (preservation) conditions in mind, it becomes 
clear that one needs to consider the Bryggen site within its wider natural context to preserve the 
site for future generations. The environmental processes leading to degradation of archaeological 
material as described by Matthiesen (2008) at the site itself need to be placed within a wider con-
text to fully understand the sites’ vulnerability, and measures to protect it from degradation for 
future generations. A holistic hydrogeological understanding is necessary to fully understand why 
there are stable chemical and flow conditions in some areas, and why highly dynamic situations 
occur elsewhere. To do this, we need to look away from the archaeological deposits themselves 
and consider the wider catchment area and subsurface flow patterns at depth.

The observed low phreatic groundwater levels in area A are a direct threat to in situ preserva-
tion. To understand the causes of the observed situation, insight is needed in the three-dimensional 
hydraulic pressure regime and the historic development of the hydrological conditions. In an urban 
area such as Bryggen, this is a complex story to unravel. Urban development at the neighbouring 
site of Bryggen is a major cause (see section 4.1), but probably not the only one. During the last 
centuries, the catchment in which the Bryggen site is located has seen a general development with 
gradually less infiltration, removal of natural drainage channels, improved subsurface develop-
ment with road- and railway tunnels, groundwater pumps in cellars and less green areas. Gradual 
changes in hydroclimatic conditions also affect the water balance.

4.2.4.  Mitigation targets to improve preservation conditions

The main goal at the Bryggen World Heritage site has been to reduce degradation of  archaeological 
deposits and historic building fundaments to a natural rate. The target levels for preservation con-
ditions (see section 2.2.2.5) are level 4 (good) to 5 (excellent). 

Degradation of organic material within the archaeological deposits is mainly affected by the 
reactivity of the organic material itself, the water content, micro-organisms, temperature and 
addition of oxidizing agents such as oxygen and sulphate. Oxygen in air is the most important 
degrading agent.

To improve the preservation conditions as described in section 4.2.3, the most effective mea-
sure is to increase the phreatic groundwater levels to avoid oxygen ingress in the highly organic 
archaeological deposits. 

The following general mitigation targets were set to improve preservation conditions:
1. Increase the phreatic groundwater level to avoid oxygen ingress into the archaeological 

deposits (particularly in area A);
2. Reduce the phreatic groundwater level variations and groundwater flow rates to avoid 
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temporary ingress of oxygen-rich water and unstable geochemical conditions (particularly 
in area B).

3. Reduce subsurface temperatures (particularly in areas A and B).

There are limitations to the extent of which the above targets can be achieved and compro-
mises had to be made locally. It is not possible to raise the groundwater everywhere to such a level 
that all degradation can be stopped without compromising other functions in the area. Of course, 
there also are limitations to the costs. The most severe consequences of degradation of archaeo-
logical deposits occur in areas where there are large differences in thickness of the unsaturated 
zone over short distances, in combination with unstable subsurface conditions, such as layers or 
lenses with high organic content. In those areas degradation will not only cause direct loss of 
archaeological material, but also uneven subsidence and damage to above ground assets. The 
variability in ground conditions makes these areas also the most challenging areas in which to 
mitigate preservation conditions. The most sustainable situation for Bryggen, and for other urban 
archaeological sites where in-situ preservation of organic material is the target, will be a situation 
where both direct degradation and uneven subsidence is kept to a minimum at affordable costs. To 
achieve this, corrective and preventive measures should be targeted to the above 3 points, while 
avoiding local groundwater drawdown and large groundwater gradients in areas with potentially 
unstable ground conditions.

The above illustrates that attainable mitigation targets can only be defined when there is a 
proper understanding of the subsurface variability (including archaeological vulnerability) as well 
as the hydrogeological conditions. This process is called hydrogeological characterisation.

4.3.  Climate and meteorology

4.3.1.  Current climatic conditions

Bergen - Florida observation station is used for long-term meteorological data collection and 
climate statistics for the research carried out at Bryggen. A local rain gauge has been installed 
close to the Bryggen site and is used for high resolution data collection for local assessments. The 
meteorological station and observation site Bergen - Florida is located in Bergen municipality, 
at 12 m. asl. It is an official weather station, established in November 949. The station measures 
precipitation, temperature, snow depths and wind.

Bergen features a temperate oceanic climate (Köppen: Cfb). The climate in Bergen is strongly 
affected by the North Sea, ice-free throughout the year. This particularly affects the winter tem-
peratures that are considerably higher than in eastern Norway. The Gulf Stream provides the city 
with the warmest winters of all cities in the Nordic countries. In addition, a typical pressure pat-
tern gives a predominantly strong south-easterly warm air current over the Atlantic Ocean, with 
high pressure systems above the Azores and low-pressure systems above Iceland. The variations 
in strength of this air current (the north-Atlantic oscillation) determines the mildness of winters 
in Bergen. A stronger air current gives milder winters. The current average yearly temperature or 
“normal” is calculated from the 1961-1990 climate period, and equals 7.6 °C. The current trend 
shows strongly increasing temperatures, with an increase of 0.18 °C per 10 years during the last 
50 years.
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The average annual precipitation is 2,250 mm (Bergen – Florida). This high precipitation is 
caused by the surrounding mountains that cause moist air to undergo orographic lift. Due to the 
orographic impact on precipitation, infiltration velocities increase from the seafront and to the 
highest altitudes in the catchment. Annual average infiltration velocities for the normal period 
(1961-1990) increase from about 2,200 mm close to the seafront to approximately 3,500 mm at 
the top of Fløyfjellet (Beldring et al., 2002, 2003). Table 13 and Figure 18 show normal values for 
temperature and precipitation in Bergen, based on the period 1961-1990.

4.3.2.  Future climatic conditions

In august 2015, the Directorate for the Environment in Norway (Miljødirektoratet) published a 
new report on the expected climatic changes for Norway (Hansen-Bauer et al., 2015). It is based 
on the main reports by the UN Intergovernmental Panel on Climate Change (IPCC) on the global 
climate system and future climate change (IPCC, 2013). 
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Figure 18: Meteorological data for Bergen - Florida (source: Meteorological Institute, met.no)

Name Alt. Lat. Long. Municipality County Region

Bergen-Florida 12 603,830 53,327 Bergen Hordaland West Norway

Month normal 1961 - 1990 for Mean temperature (°C)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

1.3 1.5 3.3 5.9 10.5 13.3 14.3 14.1 11.2 8.6 4.6 2.4 7.6

Month normal 1961 - 1990 for Precipitation (mm)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

190 152 170 114 106 132 148 190 283 271 259 235 2250

Table 13: Meteorological data Bergen - Florida (source: Meteorological Institute, met.no)
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Assuming a continuing rapid increase of climate gas emissions, the main conclusions for cli-
mate change in Norway towards the year 2100 are:

• annual temperature: increase of about 4.5 °C (range 3.3 to 6.4 °C);
• annual precipitation: increase of about 18 % (range 7 to 23 %);
• rainfall intensity increases both in strength and frequency;
• flooding by excessive rainfall events increase in size and frequency;
• flooding by snowmelt events degrease in size and frequency;
• in low-lying areas, snow will disappear for many years, while more snow can be expected 

in certain high mountain ranges;
• there will be fewer and smaller glaciers;
• sea level will rise by 15 to 55 cm, dependent on location.

For western Norway, expected changes towards 2100 can be summarized as follows (source: 
met.no):

• annual temperature increases about 2.2 °C (range 1.7 to 2.9 °C) based on RCP 4.5, and 
about 4.3 °C (range 3.2 to 5.4 °C), based on RCP 8.5;

• annual precipitation increases about 10 % (range 0 to 23 %) based on RCP 4.5, and about 
13 % (range 3 to 23 %) based on RCP 8.5;

• evapotranspiration will increase between 15 to 35 % based on RCP 4.5 and between 35 to 
75 % based on RCP 8.5.

The above described increase in precipitation does not mean increased humidity in the sub-
surface or higher groundwater levels. On the contrary, the changes lead to an estimated increase 
of the soil moisture deficit in the subsurface (reduction of soil moisture content) of 5 to 15 mm 
per year, and even more in the RCP 8.5 scenario. Particularly more prolonged droughts during 
summer are expected. Summer and winter droughts can be distinguished based on their driving 
hydrological processes (Wong et al., 2011). Summer or hydrological droughts are caused by natu-
ral meteorological variability leading to precipitation deficits over time, propagating through the 
hydrological cycle and combined with evapotranspiration losses cause soil moisture deficiencies 
and groundwater depletion (Tallaksen and van Lanen, 2004). Winter droughts are commonly 
 referred to as droughts caused by the fact that precipitation is stored as snow and ice (Hisdal et al, 
2001). Wong et al (2011) show that changes in temperature are decisive for changes in hydrological 
dry periods (soil moisture, runoff and groundwater). The average area affected by hydrological 
droughts will increase substantially in the future, although the meteorological droughts will in-
crease very little. Average drought durations increase from a few days for meteorological droughts 
to 20-120 days for hydrological droughts, causing soil moisture and groundwater reduction (Wong 
et al., 2011). Soil moisture reduction in the unsaturated zone and prolonged dry periods will 
 increase the risk of degradation of organic archaeological deposits by oxidation.
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4.4.  Hydrogeological characterization

4.4.1.  Terminology and error sources

The groundwater flow conditions at the Bryggen (and any other site) are determined by the spatial 
and depth distribution of groundwater pressures at the site and its wider surroundings. Reliable 
groundwater level measurements are fundamental to all hydrogeological investigations (Post and 
Von Asmuth, 2013) and used to establish a variety of interpretations such as groundwater flow 
patterns (Freeze and Cherry, 1979), effects of pumping, drainage or infiltration (Von Asmuth et al, 
2008; Healy and Cook, 2002), relation between surface water and groundwater (Rosenberry and 
LaBaugh, 2008; Kalbus et al., 2008) determination of permeability and storativity (Kruseman and 
De Ridder, 1994), and calibration of groundwater models (Hill and Tiedeman, 2007). All these in-
terpretations are consequently used assess the impact on reactive phases in archaeological depos-
its. Errors may potentially have significant consequences for the above-mentioned interpretations, 
but particularly for the quantification of gradients and permeability, which influence degradation 
rates to a high degree (De Beer and Matthiesen, 2008). A review of classic pitfalls is given by 
Post and Von Asmuth (2013). The main sources of error related to groundwater measurements in 
baseline studies and monitoring for archaeological risk assessments are discussed here.

The term “groundwater level” is too vague and needs a more precise definition (Post and 
 Von Asmuth, 2013). A more correct term is hydraulic head, which is a measure of the mechanical 
energy per unit weight of water (e.g. Freeze and Cherry, 1979). It is a scalar quantity that has a 
value everywhere in a groundwater body, or in our case, at any point in the groundwater system, 
whether it is within, below or above cultural deposits. It should not be confused with the water- 
table, which is defined as the surface at which the groundwater pressure equals zero (Freeze 
and Cherry, 1979). Unless hydrostatic (no flow) conditions prevail, the hydraulic head below the 
 water-table differs from the water-table elevation. For archaeological studies, the water-table ele-
vation, or top of the saturated zone, is often sought after as degradation potential in the unsaturat-
ed zone is generally much higher than in the saturated zone. If this is the purpose of investigation, 
observation wells with an inner diameter typically between 2 and 6 cm that are screened across 
the water-table should be used. Provided that the water in the observation well is stagnant, the top 
of the saturated zone is measured. However, for the assessment of preservation conditions in cul-
tural deposits it is often not only of interest to measure the water-table elevation, but also to take 
groundwater samples for analysis of environmental parameters (De Beer and Matthiesen, 2008). 
This requires sampling at specified depths and is commonly carried out by using observation 
wells with a short screening interval at the depth of interest. It is vital to understand that the water 
level in this type of observation well does not reflect the top of the saturated zone, but the hy-
draulic head at the screened interval. If both goals are to be satisfied, ideally separate observation 
wells should be used for sampling and determination of the water-table elevation. An alternative 
solution could be to use observation wells screened across the water-table, while sampling takes 
place within defined intervals using hydraulic packers. The latter would require that the gravel 
pack (if present) between the borehole wall and the observation well casing vertically is divided in 
predefined intervals using clay plugs, to avoid vertical cross-flow contamination during sampling. 
Alternatively, multilevel groundwater samplers can be used with small diameter screens installed 
at defined depths (e.g. Kracht and Dagestad, 2013).
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Using observation wells with screens permanent under the water-table elevation to approxi-
mately determine the top of the saturated zone is incorrect and may introduce significant errors. 
Dependent on the local soil composition and well design, the error may well be up to the deci-
metre scale. Whether the uncertainty involved with these errors is acceptable will depend on the 
nature of the investigation and its purpose (Schalla et al, 1992). The uncertainty depends on the 
degree of hydrostatic, i.e. stagnant, conditions and varies per location and will generally increase 
with depth and increased heterogeneity of the soil. Determination of hydrostatic conditions can 
only be done by placing pressure sensors in the ground at different depths, or to use multiple short 
screened observations wells at different depths. Due to the general heterogeneity of urban cultural 
deposits and the urban subsoil enclosing the deposits, it can however be expected that long-term 
stable hydrostatic conditions are uncommon in the urban environment.

The most common ways to measure the water level in a piezometer or well are by (1) lowering 
a measurement tape to the water surface with a mechanical or electronic device that gives an audio 
or visual signal when hitting the water level, or (2) by suspending a pressure sensor in the water 
column. To obtain the hydraulic head and assess measurements spatially, it is necessary to at least 
know the height of the rim of the observation well with respect to an elevation datum. When using 
non-vented pressure sensors, it is also necessary to know the barometric pressure at the surface. 
With these measurements, the hydraulic head is determined, and nothing can be said about the 
pressure head and elevation head unless an accurate measurement of the depth to the top and 
bottom of the well screen is available (Post et al., 2007; Post and Von Asmuth, 2013). Guidelines 
on how to measure the water level in observation wells or piezometers in archaeological baseline 
studies are often not acknowledged and thus not used, or unclearly formulated. Systematic errors 
particularly related to incorrect or inconsistent use of reference levels such as the (often unevenly 
cut) well rim height, the terrain surface and the used elevation datum may add up to errors on the 
decimetre scale.

Post and Von Asmuth (2013) discuss four types of error sources in the measurement of hy-
draulic head itself: (1) instrument errors, (2) conversion errors, (3) time lag effects, and (4) defects 
of the observation well. All these error sources are relevant for any head measurement and should 
be described in baseline studies and monitoring procedures, so that the uncertainty of results can 
be considered. In the following, time lag effects in cultural deposits are shortly discussed and 
illustrated.

Time lag effects

Temporal fluctuations in barometric pressure can significantly complicate measurement of water 
levels in unconfined aquifers, particularly where the unsaturated zone is thick or contains low per-
meability zones. The term time lag is defined as the time period between a change the water level 
in the observation well caused by an external event, and the time the water level has accommo-
dated for this change and correctly reflects the hydraulic head in the deposits. Time lag effects are 
well known in hydrogeology and particularly well described to occur in deeper confined aquifers 
(e.g. Furbish, 1991). But they have not been reported in shallow urban archaeological deposits be-
fore. Time lags can potentially create significant errors if not recognised and corrected for. There 
are two sources of error related to time lag effects in observation wells. The first is caused by the 
fact that the water level in any observation well will need some time to equilibrate with its sur-
roundings. This temporary delay is caused by the permeability and storativity of the local strata 
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adjacent to the well screen, the screen length and the volume of the observation well. This effect 
can often be seen when the water inside an observation well has been sampled. The water level 
in a well in low permeable archaeological deposits may require days to recover after a sampling. 
Examples from the Bryggen site are given in Figure 19, Figure 20 and Figure 21.

The examples show that the recovery times after sampling between observation wells at Bryg-
gen vary from several hours to multiple weeks, dependent on the local ground conditions. Vice 
versa, submersion of a pressure transducer in an observation well will cause the water level to rise 
by a few centimetres and a significant amount of time may be required to reach equilibrium with 
the pressure at the well screen. When interpreting groundwater flow conditions, it is essential to 
be aware of these time lags.
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Figure 19: Recovery of the water level in observation well MB25 after sampling.
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Figure 20: Recovery of the water level in observation well MB2 after sampling.
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The second source of error is caused by changes in barometric pressure. Observation wells 
commonly show a response in water level related to changes in atmospheric pressure. This is 
caused by the fact that the observation well is in direct contact with the atmosphere, but the 
groundwater in the soil (here: archaeological deposits), even if it is unconfined, is not. The water 
level in the observation well will therefore react instantaneously to a change in atmospheric pres-
sure, whereas the head in the archaeological deposits will show a delayed and possibly dampened 
response.

Water levels at the Bryggen site are measured using common differential pressure transducers, 
referenced to barometric pressure measured by a second barometric pressure transducer at the 
site. The unsealed observation wells provide a direct connection to atmospheric pressure changes, 
while the surrounding archaeological deposits are partially buffered by the intervening unsaturat-
ed zone materials. Thus, water levels in the observation well may not be at equilibrium with the 
water level in the archaeological deposits, potentially leading to inaccurate measurements.

Numerous authors have documented the effects of barometric fluctuations on water level mea-
surements (e.g. Jacob, 1940; Weeks, 1979; Rojstaczer, 1988; Rasmussen and Crawford, 1997; Hare 
and Morse, 1997). Low permeability materials (such as organic archaeological remains) in the 
unsaturated zone can restrict communication to the atmosphere. In an unconfined setting, such as 
for the archaeological deposits at Bryggen, there is a time lag between an increase in atmospheric 
pressure at the land surface and its translation to the water table. The key factor causing the delay 
is the pneumatic diffusivity of air through the unsaturated zone. Through time, the increase in 
pressure at the surface migrates to the water table, and the water in the observation well will re-
cover to its level prior to the pressure change. The effects will thus be dependent on the thickness 
and diffusivity of the unsaturated zone, as well as on the length and position of the filter screen 
with respect to the groundwater level. Barometric pressure changes will not affect an observation 
well that is in direct contact to a surface water feature, or when the top of the well screen is above 
the groundwater level.
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Figure 21: Recovery of the water level in observation well MB7 after sampling.
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Other factors that affect this phenomenon are well-skin and well-bore storage effects. An 
observation well with a clogged screen or relatively impermeable material surrounding the well 
screen (well skin) will have a delayed response to barometric-pressure change (Rasmussen and 
Crawford, 1997; Spane, 1999) and may cause the response of the observed water level in the well 
to change in time.

To identify and quantify possible effects of barometric pressure changes on the observations, 
as well as to test the data consistency, all observation wells at the Bryggen site have been subject 
to estimation of barometric efficiency.

In terms of water level change, the barometric efficiency equals (Gonthier, 2007) to:

where ΔWb (L) is that part of the water level change caused by a barometric pressure change 
ΔB (L) and α (-) is the barometric efficiency.

The barometric pressure change (ΔB) equates to:

where Patm is the pressure change at the top of water in the observation well and at the land 
surface, in units of force per area, and γw is the specific weight of the water in the observation well, 
in units of force per volume.

The barometric pressure change (ΔB) is measured in units of length of water. The barometric 
efficiency (α) is dimensionless and ranges from zero to one. If the barometric efficiency is zero, the 
measured water levels in the observation well are not adversely affected by changes in the baro-
metric pressure, and the water levels in the observation well can be used directly to determine the 
groundwater level in the cultural deposits and estimate hydraulic gradients. If not, the measured 
water levels in the observation wells need to be corrected for barometric effects by (Gonthier, 
2007):

where W(t)corr is the water level, at time t, corrected for barometric pressure, W(t)uncorr is the 
uncorrected water level, at time t, α is the barometric efficiency and (B0-B(t)) is the barometric 
pressure B(t) at time t, referenced to a barometric pressure datum B0.

When interpreting water levels from observation wells, it is important to realise that the mea-
sureable water level change (ΔW) in an observation well is a result of one or more of several pos-
sible causes (Gonthier, 2007):

where:
ΔW is the water level change in an observation well during a time interval;
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ΔWb is the water level change caused by barometric pressure change;
ΔWr is the water level change caused by recharge;
ΔWl is the water level change caused by seasonal or long-term trends;
ΔWp is the water level change caused by local or regional pumping;
ΔWg is the water level change caused by earth tides;
ΔWm is the water level change caused by ocean tides;
ΔWe is the water level change caused by evapotranspiration;
ΔWs is the water level change caused by surface water fluctuations and
ΔWo is the water level change caused by other influences, during a specific time interval.
At Bryggen, all of the above causes are apparent for the observation wells. Response from 

rainfall events are visible in many observation wells as a sharp increase in water level, followed 
by a recession curve with the rate of water level change decreasing with time after the rain event. 
Also, ocean tides are visible in observation wells at Bryggen. The observation wells in the old 
beach sediments below the cultural deposits are in a confined setting, and the visible water level 
changes may be explained by ocean tides that compress the beach sediments due to the increased 
weight of water during high tide (Robinson and Bell, 1971; Batu, 1998). At the same time, ocean 
tides may cause water level changes in the cultural deposits due to head gradient induced flow of 
water into the unconfined cultural deposits. Although it is recommended to remove barometric 
independent water level changes from the measurement series prior to estimation of barometric 
efficiency if possible, this is not an unambiguous task if trends are not clear. As there are near-con-
tinuous measurement series available, over several years, it is possible to identify the shape of 
barometric pressure and water fluctuations through time over many cycles. With many measure-
ments of water level change and barometric pressure change, the constant relation between ΔWb 
and ΔB becomes more apparent while the lack of correlation between barometric independent 
causes such as single rainfall events (ΔWr) and ΔB becomes less apparent.

In this case, it is of interest to identify and quantify possible errors that barometric effects may 
have on measurements. If barometric effects strongly influence the dynamic water level in an ob-
servation well, then the groundwater level in the archaeological deposits shows in fact much less 
dynamic variation. This in turn may influence the interpretation of the preservation conditions 
close to the observation well, generally towards a more positive direction. The quantification of 
barometric efficiency will also provide quantitative information on possible errors that will arise 
when an observation well is measured manually (non-continuous) with a frequency much lower 
than natural barometric fluctuations.

The barometric efficiency estimation has been performed using the graphical method for es-
timation of barometric efficiency from continuous data as described by Gonthier (2007). This 
method is based on the theory that a plot of nearly continuous water level data as a function of 
nearly continuous barometric pressure will plot as a line curved into a series of connected ellipti-
cal loops. The negative of the slope of the preferred orientation of many elliptical loops, as viewed 
by an observer, is an estimate of barometric efficiency.

Gonthier (2007) recommends that if an identified trend does not correlate to barometric pres-
sure, and it can be feasibly quantified, it should be removed prior to barometric efficiency estima-
tion. In the Bryggen case, 2 types of barometric independent trends can clearly be identified in 
many observation wells. The first type is a direct response to rainfall events (ΔWr), and the second 
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type is the response to tidal variations (ΔWm). The daily tidal fluctuations have been removed from 
the original data by using centred daily moving averages. The effect in archaeological deposits at 
Bryggen is used as an example here. Observation well MB2 only penetrates highly organic, low 
permeable cultural deposits over its entire length of almost 7 m, with a screen length of 3 m at 
the bottom of the standing pipe. With a water-level about 0.5 to 1.0 m below the rim of the well, 
the top of the screened interval is permanently more than 3 m below the water-level. A series of 
hourly observations of the groundwater head is available, as well as for the barometric pressure 
variation. To remove small variations, first a 26-hour moving average was taken through both 
series. A plot of the hourly changes of the averaged hydraulic head (compensated for barometric 
pressure) versus averaged changes of atmospheric pressure shows a clear linear correlation, see 
Figure 22. The slope of the regression line, 0.665, is equal to the barometric efficiency (BE). In 
words: almost 70 % of the barometric pressure variation is transferred to a head change and caus-
es an artefact in water-level in the observation well with respect to the true hydraulic head within 

the cultural deposits.
Table 14 shows the statistics for barometric efficiency error for observation well MB2. It shows 

that the water level measurement in the observation well has a standard deviation of more than 
8 cm around the true head in the cultural deposits, while the largest errors of the observed water 
level are 32 cm lower and 18 cm lower than the true head for the measured period.
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Figure 22: A plot of the hourly changes of the averaged hydraulic head (compensated for barometric pressure) 
versus averaged changes of atmospheric pressure for observation well MB02.

Average Median Standard dev. Variance Maximum Minimum

0.00 0.47 8.23 67.65 17.99 -31.99

Table 14: Statistics of barometric efficiency effects in observation well MB2 (cm)
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Figure 23 shows the series for the hydraulic head in the observation well corrected for baro-
metric efficiency effects (see equation (3). It shows that the true head in the cultural deposits is 
significantly less dynamic compared to the measured water-level in the observation well.

This example illustrates also that manual measurements over shorter periods of time may 
include a significant error and are certainly not sufficient to draw unambiguous conclusions on 
groundwater flow directions and flow velocity, if not considered. If only manual water level mea-
surements are available with a measurement interval of several weeks, which is not uncommon, 
it will not be possible to quantify time lag effects in an observation well. For further identifica-
tion and correction for barometric effects, the reader is referred to Spane (2002), Rasmussen and 
Crawford (1997) and Gonthier (2007).

4.4.2.  Methods

Groundwater levels and temperature were measured since December 2006 in existing monitoring 
wells using automatic pressure sensors. Until August 2012 (before mitigation), digital  TD-DiversTM, 
type Mini-Diver® (Eijkelkamp) were used to measure hourly pressure and temperature in moni-
toring wells. In two observations wells along the front, ceramic TD-DiversTM, type  Cera- diver®, 
were installed, as ceramic sensors are resistant against aggressive or salt water. Until August 2012, 
a barometric sensor, type Baro-Diver®, was placed in air in the upper meter of observation well 
MB22, to compensate for barometric pressure variations. The  TD-diversTM measure the absolute 
groundwater head, which reflects the "weight" of the water column above the sensor, plus the ac-
tual air pressure (WC+Pbaro). By subtracting the measured actual air pressure (Pbaro), a simple com-
pensation for barometric variations is carried out, see Figure 24. The figure represents an example 
of a monitoring well in which a Diver® has been installed. In this case we are interested in the 
height of the water level (WL) in relation to the vertical reference datum. If the water level is sit-
uated above the reference datum it has a positive value and a negative value if it is situated below 
the reference datum. The  Diver® is suspended with a steel wire with a length CL. In this thesis, all 
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Figure 23: Hydraulic head in observation well MB2 corrected for barometric efficiency effects.
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groundwater heads are referenced to the national 
reference datum NN1954. Referencing is carried 
out by measuring the distance from the rim of 
the observation well (top of casing, TOC) to the 
sensor depth (equal to the length of the steel wire, 
CL) or by measuring the distance from the rim to 
the groundwater level at a known data and time. 
The height of the rim of the observation well is 
measured by differential GPS to the national ref-
erence datum NN1954 (Multiconsult AS). All 
sensors are placed at least 1 m below the low-
est expected groundwater level in the well, but at 
least 0.5 m above the well bottom, to avoid that 
the sensor falls dry during dry periods.

In August 2012, the  TD-DiversTM were re-
placed by PT12® temperature-pressure sensors, 
connected to OMC-40® loggers including GPRS 
modem (Observator). These were linked to an 

online service where the data can be presented and downloaded. The groundwater observation 
network has been gradually expanded, particularly during the initial investigations until 2012. An 
overview of all monitoring wells is shown in Figure 25. 

In addition to the direct barometric compensations, analyses were carried out per observation 

Figure 24: Illustration of TD-DiverTM pressure sensor 
and Baro-diver® for barometric compensation (source: 
Product manual Eijkelkamp Soil & Water)

Figure 25: Overview groundwater observation wells at Bryggen
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well to estimate the barometric efficiency of each observation well, reflecting well design errors. 
This has been described in section 4.4.1.

Depth profiles of temperature in soil and groundwater were also measured at 2 locations 
(TG0 and TG1) close to monitoring well MB13 (Figure 78) using sturdy soil probes with digital 
temperature sensors (Paleo Terra, Amsterdam the Netherlands). TG0 is closer to the sheet piling 
than TG1. The probes were placed in small pre-pushed holes down to a depth of 5.25 m asl. in 
2011 (Vorenhout, 2015). Probes were connected to a Hypnos datalogger (MVH Consult, Leiden, 
the Netherlands) (Vorenhout et al., 2011).

4.4.3.  General hydrogeological description of the Bryggen catchment

Bryggen is located on a geological formation called the "Bergen Arc", consisting of greenstones, 
phyllites and gneisses with a low primary hydraulic conductivity. The geological framework of the 

study area is the Bergen Arc System, illustrat-
ed in Figure 26 (Fossen, 1989).

The geology is mainly characterized by 
Caledonian orogenesis with extensive tec-
tonometamorphic reworking of rocks with dif-
ferent age from Precambrian to early Devoni-
an. Bergen City is located in the central part 
of the arc structure, called the Minor Bergen 
Arc. The rocks are highly deformed and meta-
morphosed igneous and sedimentary rocks. 
The upper parts of the Bryggen catchment 
area consists of mainly gneiss and quartzites. 
In the lower part, amphibolite (greenschist) is 
observed between Vågen and Nedre Stølen, 
and phyllite (micaschist) between Nedre Stølen 
and Henrik Wergelandsgate. The bedrock is 
generally covered by thin unconsolidated, nat-
ural and anthropogenic deposits, increasing 
in thickness towards the Vågen harbour. The 
bedrock geological map 1:50.000 is shown in 
Figure 27 (Fossen and Ragnhildstveit, 2008).

In 2008 a superficial mapping of structural 
weakness zones, joints, fractures and faults in the bedrock was carried out, in an existing rail-
way tunnel northeast of Bryggen (Åsvold, 2008). This mapping showed fractured zones in north-
west-southeast direction. These zones are added to the map shown in Figure 25 and Figure 28. 
Kitterød (2015) studied the relation between groundwater in the Bryggen catchment and the water 
balance of the archaeological deposits. As no observations of hydraulic head were available within 
the catchment, Kitterød (2015) derived average bedrock permeabilities and hydraulic heads from 
a regional hydrogeological survey undertaken in similar bedrocks not far from the catchment 
(Ellingsen, 1978). Ellingsen combined a structural analysis of the fracture pattern in the region 
with a thorough hydrogeological analysis of more than 230 boreholes and identified three main 

Figure 26: Geological framework Bergen (Fossen, 1989)

128



 Bergen - World Heritage Site Bryggen

groups of fractures: (i) Caledonian fractures with a dominantly north-easterly strike direction; 
(ii) The Bergen Arc fractures with a strike direction corresponding to the arc structures; and (iii) 

Figure 27: Bedrock geological map Bergen 1:50.000 (Fossen and Ragnhildstveit, 2008)

Figure 28: Bedrock surface level based on bedrock exposure, drilling and sounding information.
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Coastal fractures with a north-northwesterly strike direction following the structure of the coast. 
Boreholes in the coastal fracture group (iii) are youngest in genesis and the highest pumping yield 
were observed in this group. Ellingsen (1978) argues that the younger fractures had higher perme-
ability than old fractures because young fractures have been less exposed to secondary mineral 
precipitation in the fracture veins. Based on the derived bedrock permeabilities, Kitterød (2015) 
concludes that direct infiltration to the bedrock occurs in the upper part of the catchment, domi-
nated by gneiss, while in the lower part of the catchment, bedrock infiltration is less important due 
to sediment cover and lower bedrock permeability.

Kitterød (2015) also concludes that the bedrock infiltration upstream of the sediments proba-
bly plays a significant role for the water balance of the sediments. This is consistent with historical 
maps that indicate frequent streams in areas with Quaternary sediments and less frequent streams 
in areas dominated by gneiss. The bedrock below level at the Bryggen site has been reconstructed 
based on available drillings, soundings and bedrock exposures and shown in Figure 28.

The data shows that the bedrock level is several meters higher at the east side of the Bryggen 
site than at the west side, and only a few meters or less below the terrain surface. The bedrock sur-
face at Bugården is encountered at about  1.2 m asl. along the northern part, falling evenly (1 : 5) 
in south-eastern direction to  13.7 m asl. behind the first building row. The bedrock level increases 
slightly (1 : 10) to  11.5 m at the quay front.

On top of the bedrock, natural unconsolidated Quaternary sediments are found. In the upper 
part of the catchment, only shallow or none unconsolidated sediments such as glacial till or mod-
ern anthropogenic filling material are found. At the lower (outflux) boundary of the catchment, 
along the harbour area, one finds 0.5 to 2.0 m former beach sands that partly cover the bedrock or 
in other places cover an intervening layer of glacial till ("Bergen clay"). Archaeological deposits 

Figure 29: Terrain surface level at Bryggen.
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are found on top of this as described in section 4.2.1.
Modern anthropogenic deposits of varying composition (modern infillings) and thickness are 

found between the archaeological deposits and the terrain surface. The terrain surface is shown in 
Figure 29. Along the section shown in Figure 29, the terrain level falls from about +5.5 m asl. to 
about +1.0 m asl., and the total thickness of the unconsolidated natural and anthropogenic (includ-
ing archaeological) deposits vary from 6 m to about 15 m. The section as indicated on the map is 
shown in Figure 30. As most drillings at Bryggen originally were focused on the archaeological 
deposits, many of the (older) drillings were not continued below the archaeo¬logical deposits and 
did not penetrate the natural deposits below or reached the bedrock level. Based on the historic 
landscape development, available drillings and groundwater monitoring data, the subsurface pro-
file can be regarded as representative for the Bryggen site, at least giving the approximate thick-
nesses of the natural and anthropogenic deposits.

A full 3D visual representation of the bedrock depth and the distribution of the natural and 
anthropogenic deposits is shown in Figure 31 (De Beer et al., 2012), using a framework of cor-
related vertical sections. Boreholes are plotted on the sections. The construction and use of this 
framework model is further discussed in chapter 5.

Figure 30: Illustrative section of the subsurface below Bryggen (source: CAD Quality and Arild Sætre, in: 
Forvaltningsplan Verdenskulturminnet Bryggen i Bergen).

Figure 31: 3D geological framework model (De Beer et al., 2012)
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4.4.4.  Groundwater flow conditions

4.4.4.1.  Introduction

The general groundwater flow conditions in the Bryggen catchment are governed by the hydro-
logical conditions. The catchment area covers the total area from the groundwater divide in the 
mountain area east of Bryggen (Fløyfjellet) and down to the discharge area where there is an 
outflow of groundwater (e.g. Kitterød, 2015). When assessing the regional and local groundwater 
flow conditions at Bryggen and the heritage site, it is necessary to compare the observed variations 
in groundwater heads and consequential flow patterns with known events that may have affected 
conditions during the measured period. The events affecting groundwater flow conditions are both 
natural environmental conditions, such as variations in precipitation, air pressure and temperature, 
earth and tidal variations, as well as artificial conditions, such as drainage, groundwater pumping 
and active water infiltration. Apart from at the Bryggen site, few observations of the groundwa-
ter head in the bedrock upstream of Bryggen are available. A conceptual approach to assess the 
potential effects of groundwater fluxes to and from the archaeological deposits, was carried out 
by Kitterød (2015) based on numerical modelling. Based on this conceptual understanding, the 
measured groundwater heads in the bedrock at the Bryggen site are interpreted with respect to risk 
assessment and mitigation measures in relation to in-situ archaeological preservation.

With respect to risks for degradation of organic archaeological remains, particular (phreatic) 
groundwater levels are important, as a temporary lowering of the groundwater level may cause 
oxygen ingress and rapid degradation. But in terms of ground stability, also changes in the deeper 
groundwater head are important, as changes in pore pressure within the overlying soil column 
may result in compaction.

The element of time, or duration of potentially damaging groundwater conditions, needs spe-
cial attention when assessing risks for preservation of archaeological remains in-situ. Under nat-
ural conditions, groundwater heads will vary both in time and space under the influence of mete-
orological conditions. With climate change, these natural conditions are expected to change, see 
also 4.3.2. The potential effects on groundwater are however still poorly understood (Green et al., 
2011). Climate studies (IPCC 2007, 2013; Miljødirektoratet, 2015; Wong et al., 2011) show that in 
general, more precipitation can be expected, but that the precipitation distribution changes over 
the year, leading to wetter autumn and winters, while longer drought periods are to be expected 
during summer, although with more intensive precipitation events.

Urban sites, such as Bryggen, are not only affected by natural meteorological and climatic 
conditions, but also by man-made factors covering different time spans. Groundwater pumping for 
construction works is usually of short duration and normally terminated after the construction is 
finished, hopefully returning the groundwater conditions to the original state. But gradual changes 
such as increase surface water sewerage, paving of previously open surfaces and removal of green 
areas, do affect the hydrological balance and thus potentially soil moisture deficit and groundwater 
levels (see also Figure 8, section 3.1.1).

The groundwater flow at the Bryggen site will be described along the following main hydro-
geological units:

1. groundwater flow in bedrock;
2. groundwater flow in natural Quaternary sediments;
3. groundwater flow in anthropogenic deposits (including archaeological deposits).
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These hydrogeological units represent notably different environments for groundwater flow, 
although there is considerable spatial heterogeneity within each unit. Understanding of the hy-
draulic characteristics of the individual units and the way in which they are physically and hy-
draulically interconnected is essential to properly understand the water balance for each unit, and 
in particularly the water balance for the archaeological deposits.

An overview of all the observation wells used for the interpretation of the groundwater flow 
conditions is given in Figure 25. In the following sections, the groundwater flow is described for 
each hydrogeological unit.

4.4.4.2.  Groundwater flow in bedrock

Ellingsen (1978) observed that the groundwater level in existing wells was close to the surface. 
Therefore, the groundwater divide corresponds approximately with topographical terrain and sur-
face water divide. Maximum elevation of the groundwater head is about 450 m asl., and the out-
flux boundary is close to the seafront. There is a loss in the groundwater head corresponding to 
the permeability of the bedrock, but there is a potential driving force of water from the bedrock 
towards the archaeological deposits. Observations of artesian groundwater head in boreholes in 
the lower part of the catchment (Kitterød, 2015) indicate that influx of water from the bedrock 
and into the archaeological deposits should not be ignored. Although phreatic groundwater levels 
within the archaeological deposits are strongly affected by local conditions, it is important to take 
the potential effects influx of water from the bedrock into account.

Based on average meteorological conditions, an assessment of the infiltration capacity and 
permeability of the bedrock (see 4.4.3) and observed fracture distributions (Åsvold, 2008), 
Kitterød (2015) modelled the average groundwater flow conditions in bedrock. The modelled 

steady state groundwater head in 
bedrock (Kitterød, 2015) is shown in 
Figure 32.

To obtain a numerical model 
that reflected the regional observed 
groundwater heads by Ellingsen 
(1978), a large-scale permeability 
anisotropy had to be included in the 
model. Kitterød modelled the major 
anisotropy axis along the main strike 
direction of the bedrock fractures of 
N135 °E and the minor anisotropy axis 
along N45 °E. An anisotropy ratio of 
1 : 0.1 was used to obtain a modelled 
groundwater head that was consistent 
with the observed groundwater heads 
by Ellingsen (1978), i.e. a subdued pat-
tern of the topography. Kitterød (2015) 
thus showed that the observed regional 
fracture pattern has a significant effect 

Figure 32: Simulated freshwater hydraulic head (m asl.) and 
flow lines (white lines) in the bedrock of the Bryggen catchment 
(Kitterød, 2015).
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on the groundwater flow conditions in the bedrock. The model approach used by Kitterød (2015) 
does not allow for local groundwater flow interpretations but gives a good understanding of the 
general water balance in the catchment, and the average volumes of groundwater flow through 
the bedrock. It showed that plausible groundwater extraction, e.g. by bedrock tunnel construction, 
does not affect the overall groundwater balance of the archaeological deposits in any practical 
matter. However, spatial bedrock heterogeneity is only included as a bulk anisotropy factor. It 
does not rule out the possibility for significant drawdown of hydraulic heads in the archaeologi-
cal deposits (Kitterød, 2015). Risk assessment at the local scale should therefore include spatial 
bedrock heterogeneity specifically, in terms of mapping main fracture zones below and upstream 
of the archaeological deposits, as well as monitoring of groundwater heads within and outside 
of those zones, keeping in mind the general permeability anisotropy as determined by Kitterød 
(2015).

At Bryggen, 3 bedrock observation wells have been installed: FJB01, FJB02 and FJB03. 
The locations of these wells are indicated in Figure 25 and their characteristics are described in 
 Table 15.

The bedrock wells are open boreholes with a closed casing down to the bedrock level and 
about 25 m into the bedrock. The observed water level in the well is influenced by groundwater 
flowing into the well through discrete bedrock fractures. While the average level will be caused 
by the general flow pattern, variations are strongly dependent on the permeability of the bedrock 
(or: the number of open fractures cut off by the borehole).

Figure 33 shows the responses of all 3 bedrock wells for a selected period. Although the bed-
rock wells are placed within a relatively small spatial distance from each other, they show differ-
ent responses to natural hydroclimatic and tidal events, as well as to artificial (pumping) events. 
From May 2013 to December 2013, several pumping events took place to repair leakages in the 
sheet pile wall around the hotel (see also section 4.5).

Comparing the three bedrock wells, the groundwater head in FJB02 shows the most imme-
diate and dynamic variations, including strongly damped tidal variations. This pattern indicates 
a relatively high local permeability of the bedrock. FJB03 shows a similar dynamic behaviour 
and pattern, although the general variability is substantially smaller. FJB01 shows no reaction to 
short term hydroclimatic and tidal variations but varies based on long term changes in meteoro-
logical conditions or pumping events. The local bedrock permeability for observation well FJB01 
is therefore considerably lower than in FJB02 and FJB03, possibly caused by changes in local 
bedrock fractures (Åsvold, 2008).

In Figure 34, a detail is shown of a pumping event starting on November 20, 2013. Ground-
water was pumped from area below the hotel, surrounded by the sheet pile wall. After 6 days, the 
achieved pumping level was reached (about -0.70 m asl., registered in MB16) and the pumping 

Well number x y terrain level 
(m asl)

depth to 
bedrock (m)

total depth 
(m)

FJB01 297497.93 6701406.61 5.57 3.40 29.40

FJB02 297515.47 6701350.47 2.89 9.60 35.65

FJB03 297495.84 6701344.54 2.01 12.55 38.65

Table 15: Observation well characteristics in bedrock hydrogeological unit.
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rate was reduced and ceased during shorter intervals. Pumping was finally ceased on December 5, 
2013. The groundwater head in FJB02 rapidly responds and returns to the original pressure head 
within a day. FJB03 responds slightly slower and returns to its original head in about 3 weeks. 
FJB01 shows a lowering head even when the FJB02 and FJB03 already are rising due to reduction 

-50

-25

0

25

50

75

100

125

150

175

200

225

250

15.5.13 13.8.13 11.11.13 9.2.14 10.5.14 8.8.14

he
ad

 (a
pp

ro
x.

 cm
 N

N
19

54
)

Date

FJB01 FJB02 FJB03

Figure 33: Groundwater head in 3 observation wells in bedrock hydrogeological unit.
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Figure 34: Detail of groundwater head in 3 bedrock observation wells during pumping event.
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of the pumping rate after 6 days. FJB01 only returns to its "natural" pressure state after about 6 
weeks.

In Figure 35 measurement series for MB16 (within the sheet pile wall, representing the pumped 
unit) and MB11 (right axis, upstream reference) have been added. MB16 shows clearly the direct 
effects of pumping. Although small, also MB11 shows a slight temporary lowering during the ini-
tial days of pumping. This indicates that uncontrolled lowering of the local head may have wide-
spread consequences below and further away from Bryggen through groundwater flow in bedrock

The phreatic groundwater level in observation well MB02 (section 4.4.4.4) shows a 50 cm de-
crease during this pumping period. The consequences for the archaeological deposits are further 
discussed in section 4.4.4.4.

4.4.4.3.  Groundwater flow beneath archaeological deposits

Beneath the archaeological deposits at the Bryggen site, beach sediments are found with a thick-
ness varying from a few decimetres up to 2 m closer to the harbour. The following observation 
wells were specifically installed in these sediments: MB17, MB23 and MB25. Observation wells 
MB40 and MB16 are placed within modern fillings at the developed hotel site. At those locations, 
the original archaeological deposits are completely removed during the construction of the hotel 
and replaced by modern, permeably material (sand and gravel). MB40 and MB16 are hydrau-
lically connected natural sediments, and therefore comparable with the observation wells with 
filters below the archaeological deposits. The characteristics of all five wells are summarized in 
Table 16. The selected observation wells are indicated in Figure 25.

Figure 36 shows graphs for daily average groundwater pressure heads in MB17, MB23 and 
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MB16 for a selected period (2008-20009) before mitigation measures were initiated. The original 
series are hourly measurements.

The pressure head is lowest at MB16 and varies on average with 50 cm due to tidal variations 
in the Vågen harbour. Groundwater flow is generally towards MB16. Hourly tidal variations are 
clearly visible in the pressure head in the observation wells placed beneath the archaeological de-
posits, as shown in Figure 37. For comparison, monitoring well MB13, which is positioned within 
the archaeological deposits a few meters from MB16 and MB17, has been added.

Although the responses to tidal waves in MB17 and MB23 are strongly damped, it indicates 
that there is a good hydraulic connection between the old beach sediments and the harbour, caus-
ing the tidal pressure wave to propagate underneath the archaeological deposits. As can be seen 
in Figure 37, observation well MB16 only responds to tidal waves when the pressure head exceeds 
approximately +0.40 m asl. This can be explained by the original drainage level under the hotel 
as well as leakages in the sheet pile wall, above which tidal waves propagate freely in and out of 

Well number x y terrain level (m 
asl)

filter from 
(m asl)

filter to 
(m asl)

MB17 297478.50 6701357.44 2.13 -9.49 -10.49

MB23 297495.44 6701344.01 1.98 -7.12 -9.12

MB25 297453.17 6701298.50 1.00 -6.96 -7.96

MB16 297477.48 6701359.29 2.14 -4.26 -5.26

MB40 297441.37 6701423.49 3.87 -0.95 -1.95

Table 16: Observation well characteristics in natural Quaternary hydrogeological unit and hydraulically connected 
wells MB16 and MB40.
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the drained area surrounded by the sheet pile wall. Below this level, MB16 is isolated from the 
direct influx of tidal waves by the sheet pile wall, although drainage from the area still occurs at 
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Figure 38: Propagation of a tidal pressure wave through observation wells MB16, MB17 and MB23 (De Beer, 
2008).
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deeper levels. Figure 38 shows the propagation of a tidal pressure wave through observation wells 
MB16, MB17 and MB23. The incoming tidal pressure wave is propagated with a few hours delay 
into the beach sediments. The pressure head response in the beach sediments to the tidal wave is 
a damped and asymmetrical reflection.

4.4.4.4.  Groundwater flow in anthropogenic deposits (including archaeological 

deposits)

Table 17 summarizes the characteristics of the observation wells in the antrhopogenic hydrogeo-
logical unit. The locations are shown in Figure 25. Most observation wells at Bryggen are placed 
with the filter within the archaeological deposits. Originally, observation wells were placed at 
locations where archaeological investigations were needed, and their locations and depth were 
therefore not based on hydrogeological assessments. The earliest observation wells (lower num-
bers) were placed early 2000 (Jensen and Stordal, 2004), while the newest wells were placed in 
2012. In total, 39 observation wells are located within anthropogenic deposits. The older obser-
vation wells have generally larger filter lengths. As knowledge on the site progressed during the 
years, it became clear that for groundwater quality sampling and hydraulic head observation, a 
shorter filter length at defined interval is to be preferred for more accurate results. Filters that are 
screened across the water table, are suitable for phreatic water table observations. See also 4.4.1.

Selected observation wells were equipped with automatic sensors for the measurement of 
hydraulic head and temperature. In this section, the monitoring results of a selected number of 
observation wells are discussed, illustrating the hydrogeological conditions within the anthropo-
genic deposits.

Observation well MB2 is located at the heart of the Bryggen site. Based on the archaeological 
observations excellent preservation conditions occur (see section 4.2). Observation well MB2 has 
long been considered an undisturbed reference point for the Bryggen site. The observed ground-
water head in MB2 has been continuously high and the area has presumably been undisturbed, as 
no significant subsidence was observed, and the local archaeological remains were documented as 
good to excellent (section 4.2.2). Figure 39 shows the daily average water level in MB2 from the 
hydrological year October 2008 to September 2009. Daily precipitation (Bergen-Florida, source: 
www.met.no) and average daily seawater level in the Vågen harbour (Statens kartverk, source: 
www.kartverket.no/sehavniva, last accessed May 18, 2018) have been added for comparison, as 
well as a long term 90 day moving average for both observed groundwater head and seawater 
level. The figure illustrates that the average daily water level in MB2 varies about 40 cm during 
the year, which is comparable to the daily average seawater level variation. The observed water 
level in MB2 clearly reflects the average tidal variation, and to a lesser extent precipitation events. 
A relatively stable and high groundwater level in the area has been favourable for archaeological 
preservation.

Figure 40 shows observations within the anthropogenic (incl. archaeological deposits) hydro-
geological unit from November 15, 2013 to January 31, 2014. During this period the water levels in 
many observation wells at Bryggen dropped due to a pumping event, including observation wells 
within the archaeological deposits (MB2, MB15, MB38 and MB42).

As described in section 4.4.4.2, the groundwater pressure head in bedrock and old beach 
sediments below the archaeological deposits were lowered during the pumping event. When as-
sessing the effect of the pumping event on the water levels in the observation wells at Bryggen, 
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it is important to notice that the water level in the Vågen harbour also shows a minimum during 
this period. To differentiate the approximate effects of the tidal minimum from the pumping, a 
simple linear regression was carried out between the Vågen water level and the observed ground-
water heads in MB17, MB2, MB42 and MB42 for January 2014, in which no artificial pumping 
occurred. The results of this regression analysis are shown in Figure 41.

Well number x y terrain level
(m asl)

filter from
(m asl)

filter to
(m asl)

MB01 297519.75 6701336.51 2.78 1.90 -1.10

MB02 297507.63 6701331.95 2.18 -1.80 -4.80

MB03 297445.90 6701308.18 0.92 -0.08 -4.58

MB04 297454.21 6701333.20 1.62 -4.88 -6.88

MB05 297454.99 6701334.66 1.67 -0.30 -2.30

MB06 297491.30 6701318.16 1.62 -2.38 -5.38

MB07 297499.57 6701377.66 4.21 0.46 -1.54

MB08 297500.20 6701378.33 4.26 2.26 0.26

MB09 297489.59 6701272.66 1.65 0.65 -1.35

MB10 297505.55 6701277.86 1.42 -3.58 -6.58

MB11 297606.30 6701364.95 16.91 14.81 9.81

MB12 297481.39 6701258.54 1.14 -3.45 -8.45

MB13 297477.58 6701356.03 1.94 -0.95 -5.95

MB14 297534.30 6701295.77 2.28 -0.74 -2.74

MB15 297476.61 6701355.22 1.91 -5.09 -6.09

MB18 297390.82 6701416.42 2.90 -1.58 -2.58

MB19 297369.31 6701426.53 2.54 -2.90 -3.90

MB20 297361.72 6701413.66 1.24 -1.65 -2.65

MB21 297502.87 6701375.14 4.11 1.61 0.61

MB22 297473.10 6701422.67 4.67 -0.88 -1.88

MB24 297486.34 6701253.00 1.22 -2.46 -3.46

MB26 297452.34 6701299.37 0.97 -3.87 -4.87

MB27 297470.67 6701283.98 0.93 -4.07 -5.07

MB28 297488.50 6701273.72 1.79 -1.25 -2.25

MB29 297473.32 6701289.21 0.88 -2.98 -3.98

MB30 297503.90 6701433.79 7.89 4.52 3.52

MB31 297469.21 6701440.71 6.65 2.65 1.65

MB32 297493.80 6701395.98 4.54 2.04 1.04

MB33 297492.89 6701377.10 3.33 -1.49 -2.49

MB34 297578.49 6701153.64 2.18 -2.44 -3.44

MB35 297609.40 6701153.89 1.93 -0.02 -1.02

MB36 297379.60 6701357.50 1.18 -1.07 -2.07

MB37 297378.46 6701377.25 1.37 -1.70 -2.70

MB38 297516.38 6701314.75 2.26 -0.74 -1.74

MB39 297514.87 6701351.31 2.97 -0.03 -1.03

MB41 297502.15 6701365.95 3.39 1.24 0.24

MB42 297486.72 6701349.92 2.03 0.03 -0.97

MB43 297553.78 6701282.00 6.98 -0.12 -1.12

MB44 297586.07 6701231.64 6.70 1.40 0.40

Table 17: Characteristics of observation wells in anthropogenic hydrogeological unit.
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Based on the regression equations obtained, the groundwater heads for the 4 observation wells 
were predicted for the period from November 15, 2013 to January 31, 2014, see Figure 42 to Fig-
ure 45. As can be expected, MB17 is strongly correlated with the water level in the Vågen harbour. 
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Figure 40: Detail of groundwater heads in archaeological deposits and natural Quaternary deposits during 
pumping event.
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Figure 39: Groundwater head in observation well MB2 before mitigation. Sea water level added for reference.
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The pumping event from November 20, 2013 to December 5, 2013 causes a drop in the ground-
water head of up to 120 cm with respect to the predicted head. Based on superposition, the water 
level in MB2 is lowered by an estimated 35 cm maximum caused by the pumping event. MB42 
shows a similar head drop. MB38 does not show an additional lowering by the pumping event and 
seems to be outside the influenced area. The observed temporary lowering of the groundwater 
head in MB38 during the end of November 2013 is therefore not caused by the pumping event, but 
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MB17, MB42, MB38 and MB02 during January 2014 (undisturbed situation).
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Figure 42: Predicted and observed groundwater head in MB17 (15.11.2013-31.01.2014).
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by a natural tidal variation.
Although the observed groundwater head in observation well MB02 was lowered because of 

this event, it does not mean that the archaeological deposits are at immediate risk for drying out. 
Observation well MB2 has a filter length of 3 meters, down to 4.80 m asl. The observed water level 
in the well is affected by pressure changes over the complete filter depth. At MB2, the base of the 
base of the archaeological deposits lies at about -7.10 m asl. (well description MB23); this only 
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Figure 43: Predicted and observed groundwater head in MB42 (15.11.2013-31.01.2014).
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Figure 44: Predicted and observed groundwater head in MB2 (15.11.2013-31.01.2014).
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leaves an approximate 2 m of archaeological deposits between the filter and the beach sediments 
below. Assuming a pressure drop of about 1.0 m (ref. MB17; MB23 was out of order at the time) 
directly below the filter depth of MB2, the hydraulic resistance of 2 m of archaeological deposits 
reduces the temporary head loss to 35 cm. At MB42, the thickness of the archaeological deposits 
below the filter depth is about 5 m. Still, the groundwater head in MB42 drops by about 35 cm.

MB42 is much closer to the pumped area. Not only the pressure head in the beach sediments 
was lowered with about 1.20 m, but also horizontal flow within the archaeological deposits to-
wards the disturbed hotel area is expected to contribute to lowering of the water level. Dunlop 
(2010) observed small sand layers within the archaeological deposits during drilling of observa-
tion wells in the Bredsgården/Bugården area.

Figure 46 shows the groundwater heads of observation wells placed in an approximately per-
pendicular line to the SE of the sheet pile wall at selected times: MB16, MB17, MB15, MB42, 
MB2 and MB38 (see also Figure 25). The estimated drawdown caused by the pumping during the 
first 7 days of continuous pumping are given measured as distance from MB16.

Most groundwater level measurements in shallow observation wells within the archaeological 
deposits at the site are not influenced by local precipitation events within time-spans of hours, but 
merely by hydroclimatic and tidal variations over periods of days, weeks and months. It reflects 
the low permeability of the archaeological deposits and the relative low infiltration capacity of 
the topsoil. The permeability of particularly the topsoil in the urban subsurface is however prone 
to an extreme variability. The shallow subsurface has in many locations been reworked, filled 
in, or artificially constructed for road fundaments, building constructions, sewage and other in-
frastructure (see section 5.1). In many cases, low permeable ground with high organic content 
has been replaced by high permeability sand and rocks for better building stability. Based on its 
nature, worked or made ground (see section 5.2.1) are usually spatially clearly defined areas and 
volumes, such as trenches, road beds or construction areas. Dependent on the hydraulic intercon-
nection with other natural or anthropogenic ground volumes, the hydrological behaviour might 
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Figure 45: Predicted and observed groundwater head in MB38 (15.11.2013-31.01.2014).
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be significantly different from the wider surroundings. An infilled trench for water or sewage, 
may well form an excellent subsurface drainage channel, with rapid infiltration of rainwater and 
groundwater drainage. Groundwater drainage through such trenches may well pose a threat for 
adjacent archaeological deposits. An example at the Bryggen site is observation well MB37, as 
shown in Figure 47.
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The hourly observed groundwater heads in MB37 show an extreme sensitivity to precipitation 
events, with responses within minutes after precipitation, followed by rapid drainage. The obser-
vation well rapidly fills with water, flowing over at the top of the well at +1.37 m asl. The lowest 
observed groundwater head is limited by the water level in the Vågen harbour. This is clearly 
illustrated in Figure 48.

The rapid reaction to precipitation events could be an artefact in the observation well itself, if 
rainwater enters the well directly through the top. In that case, MB37 does not represent ground-
water levels in the subsurface during rainfall events. Although this cannot be excluded, visual 
inspection of the well did not reveal such issues. MB37 is positioned relatively high with respect 
to the surrounding terrain surface, avoiding local rainwater collection directly at the well sur-
face. The automatic registration of MB37 was abandoned in December 2013 because of the high 
groundwater levels in the top of the observation well.

4.4.4.5.  Groundwater flow modelling and water balance assessment

To better understand the complex three-dimensional hydrogeological conditions at the Bryggen 
site, quantify the water balance and to identify the most important factors that can affect preser-
vation conditions, a numerical groundwater model was developed (De Beer, 2005). The modelling 
process and related activities have been extremely valuable not only for the above mentioned pri-
mary goals, but also as a decision support tool for effective monitoring design and communication 
to other specialists and heritage management. This section shortly describes the groundwater 
model developed and is based on the De Beer (2005, 2008) and De Beer and Matthiesen (2008).

As with all hydrogeological model formulations, a model is a simplification of reality and 
inherently includes errors. These errors are related to conceptualisation and description of pro-
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Figure 48: Detail of groundwater head in MB37 showing that the groundwater head is limited by the sea water 
level.
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cesses and interactions, estimation of parameter values, initial and boundary conditions, spatial 
and temporal variability and system stresses (Bierkens et al., 2006). To increase the usefulness of 
predictive simulations, it is necessary to reduce the uncertainties by indicating and quantifying 
the reliability of the results by verification against monitoring values. However, also early concep-
tual or intermediate (steady state) modelling stages provide valuable information and understand-
ing of the hydrological system facilitating improvement of the monitoring program (De Beer and 
Matthiesen, 2008).

The finite element model code Feflow® (Diersch, 2014) was used to simulate groundwater flow 
at Bryggen. Feflow® models flow, contaminant mass and heat transport processes as coupled or 
separate phenomena. It is based on the physical conservation principles for mass, chemical spe-
cies, linear momentum and energy in a transient and three-dimensional numerical analysis. For 
detailed description on the numerical calculations is referred to Diersch (2014). The model code 
has been chosen because of its ability to simulate fully three-dimensional transient groundwater 
flow, including density driven flow (salt/fresh water interaction and temperature effects), 3D an-
isotropy and flow within the unsaturated zone. Because the code is based on the finite element 
method, it provides an extremely flexible grid generation that is advantageous for use in urban ar-
eas with man-made structures such as sheet piling and drainage systems. In the unsaturated zone, 
insufficient soil moisture measurements at various depths are currently available to adequately 
simulate unsaturated flow. The first slice in the model simulates a "free" phreatic level and there-
fore changes its vertical position in time.

The model area chosen encloses the catchment area in which the study area is located. It 
extends from the Vågen harbour towards the topographically higher area of Fløyfjellet behind 
Bryggen. Based on borehole descriptions, geologic mapping, archaeological descriptions and con-
struction drawings, a numerical model was constructed using 10 model layers with their estimat-
ed hydrogeological properties. The model layers were constructed using a digital terrain model 
(DTM), spatially interpreted borehole data and known construction depths for buildings.

A block-diagram illustrating the schematised hydrogeological layering in the upper 5 layers 
of the numerical model is shown in Figure 49. The model consists of 158,200 6-noded triangular 
prisms, with a total of 88572 nodes. The model mesh has been strongly refined along sheet piling 
and drainage systems. Boundary conditions have been applied along the harbour (tidal variations, 
salt water), top layer (daily precipitation) and known drainage systems (drainage level).

The hydraulic properties used prior to verification against monitoring values, are based on 
literature values, borehole descriptions and grain size analysis. Parameter values were stepwise 
altered in a procedure of sensitivity analysis, steady state calibration and subsequently transient 
calibration against registered piezometric levels, tidal variations and daily precipitation measure-
ments (weather station 50540, Bergen-Florida).

For natural sediments, a range of applicable hydrogeological parameter values such as perme-
ability, storativity and porosity exists, based on literature values, grain size analyses or pumping 
tests. The hydraulic properties of an extremely heterogeneous archaeological deposit can only be 
deducted indirectly from groundwater pressure measurements above, inside and below the depos-
it, in addition to a spatial distribution good enough to reflect effects of horizontal heterogeneity. 
However, a good description of the archaeological materials themselves, such as configuration 
and layering, together with a detailed description of the non-archaeological matrix between the 
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archaeological artefacts, will give a qualitative indication of the hydrogeological behaviour to be 
expected. In the case of Bryggen, detailed knowledge about the configuration and layering of the 
archaeological structures has been gathered during archaeological excavations. One of the key 
features is horizontal layering of wooden elements together with known dewatering structures in 
and around the buried foundations. In model-terms this is interpreted as a form of anisotropy, with 
a higher horizontal permeability than a vertical permeability and possible existence of preferential 
flow paths. Experiences with dewatering during excavation give a qualitative idea of a relatively 
homogeneous low permeability of the deposits. These qualitative data were used during calibra-
tion of the numerical model, in combination with monitored piezometric levels (De Beer, 2008). 
Table 18 gives an overview of the hydrogeological parameters used in the numerical model.

Along the southwestern boundary of the model area, the Vågen harbour forms a "fixed" 
boundary condition in layers 1-3 of the model. For transient model calculations, hourly observed 
water level values are used provided by the Norwegian Mapping Authority (Kartverket), from the 
monitoring station at Bergen harbour (www.kartverket.no/sehavniva, last accessed May 18, 2018). 
The effect on groundwater flow conditions caused by density differences between fresh- and salt-
water has been considered. Due to the higher density of salt seawater, a relatively sharp divide will 
exist between fresh groundwater flowing towards the harbour and the salt seawater, positioned as 
a "wedge" of salt seawater along the front of Bryggen. The salt water wedge will form a barrier for 
fresh groundwater flow and press up fresh groundwater along the quay area. How far the saltwater 
wedge extends land inwards, is dependent on the permeability of the subsoil as well as the fresh-
water groundwater gradient towards the sea.

Figure 49: Block diagram illustrating the schematised hydrogeological layering in the upper 5 layers of the 
numerical groundwater model (De Beer and Matthiesen, 2008)
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The western and eastern parts of the model are approximately parallel to groundwater flow 
direction, such that water flow across the model boundary can be regarded as insignificant. No 
boundary conditions have been added to these model boundaries.

The drainage levels below the parking lot have been added to the model as local boundary 
conditions within the model. These boundary conditions will ensure that groundwater exits the 
model when groundwater head exceeds above the drainage level. In the initial model (De Beer, 
2005), drainage levels were added at respectively +0.45 m  asl and +1.00  m  asl., according to 
the construction design. In 2008, these levels were changed to respectively +0.20  m  asl. and 
+1.00 m asl. based on observations and transient model calibration results (De Beer, 2008). The 
drainage pipes (before mitigation) were in an open connection with the harbour. Observations in 
monitoring well MB16 showed that the groundwater level below the hotel varied completely in 
line with the tidal level above +0.40 m asl. Clearly, groundwater flowed into the subsurface area 
below the hotel through leakages in the surrounding sheet piling above this level. In the numer-
ical model, this observation was technically implemented by applying a variable drainage level 
equal to the observed tidal variation above 0.40 m asl. Below 0.40 m asl., a fixed drainage level 
of 0.20 m asl. was implemented, with the provision that groundwater levels may sink below this 
level as well, see Figure 50.

For all practical purposes, this means that the lower drainage pipe (+0.20 m incl. flow resis-
tances) along the northwest side of the hotel area almost always drains groundwater, while the 
drainage pipe along the southeast and northeast sides of the hotel, almost never drains groundwa-
ter. This is in line with visual observations and monitoring results.

The top boundary condition of the groundwater model is formed by groundwater recharge 
from precipitation. Daily precipitation from Bergen-Florida meteorological station is used, cor-

Layer Description Thickness (m) Permeability (m/sec)

k
H

k
V

1 Anthropogenic infill, subsurface constructions, 
sheet pile wall*

0.01 - 1.0 1.0 10-5 1.0 10-5

Anthropogenic infill quay 1.0 10-4 1.0 10-4

2 Anthropogenic infill, subsurface construction#, 
sheet pile wall*

0.01 - 0.5 1.0 10-5 1.0 10-5

Anthropogenic infill quay 1.0 10-4 1.0 10-4

3 Archaeological deposit, sheet pile wall* 0.01 - 0.5 8.0 10-7 2.0 10-7

Anthropogenic infill quay 1.0 10-4 1.0 10-4

Drainage layer below parking lot 1.0 10-3 1.0 10-3

4 Archaeological deposit, sheet pile wall* 0.01 - 8.0 8.0 10-7 2.0 10-7

Anthropogenic infill quay 1.0 10-4 1.0 10-4

5 Beach sediments, sheet pile wall* 0.01 - 4.0 3.5.10-4 3.5.10-4

6 Sand, gravel or till, sheet pile wall* 0.01 - 4.0 7.0 10-6 7.0 10-6

7 Bedrock surface (fractured) 1.0 5.0 10-6 5.0 10-6

8 Gneiss, fracture zones 0.01 - 400 6.0 10-8 6.0 10-8

9 Phyllites, fracture zones 0.01 - 300 6.0 10-8 6.0 10-8

10 Greenstone, fracture zones 0.01 - 200 6.0 10-8 6.0 10-8

Table 18: Overview of the hydrogeological parameters used in the numerical groundwater model (de Beer, 2008) 
*The sheet pile wall permeability is set to 1.10-8 m/sec. and #subsurface constructions (wall) to 1.10-10 m/sec. 
Fracture zones have been added to the model as discrete elements with a permeability of 1.10-4 m/sec.
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rected for evapotranspiration and storm water runoff via surface and sewage systems. Quantifi-
cation of recharge has been carried by using the dynamic storm water model used by the city of 
Bergen.  In this model, the catchment area is divided in urban sub-catchments, that have different 
hydraulic characteristics, such as buildings, roads and green areas. The model parameter de-
scribing the effective surface area where precipitation infiltrates to the subsurface is used as an 
input value to the numerical groundwater model. Dependent on the location and area type in the 
catchment, the estimated net recharge varies between 1 % and 9 % of the total precipitation. Up 
to 75 % of the precipitation amount is lost by surface or shallow subsurface storm water runoff. 
Approximately 15 % is lost to evaporation.

The model was calibrated for a steady state situation in respectively 2005 (De Beer, 2005) and 
2008 (De Beer, 2008), and a transient calibration was carried out in 2008 (De Beer, 2008). Due 
to large local variations in the hydrogeological situation, and not in the least due to varying depth 
distributions of the monitoring wells, a steady state calibration only gives an approximation of the 
model accuracy. During steady state calibration, the model resulted in average calculated ground-
water heads that are about 0.10 - 0.20 m lower than observed.  The transient calibration (De Beer, 
2008) resulted in reasonable good fits between calculated and observed groundwater heads. The 
largest deviations occur in monitoring wells behind Bryggen, particularly during dry periods. The 
causes are related to uncertainties in the bedrock permeability and local variations thereof, as 
well as uncertainties with respect to local infiltration capacity in the green areas behind Bryggen. 

Sensitivity analysis and parameter optimisation indicate that the permeabilities of the bed-
rock, tills and beach deposits below the archaeological deposits are decisive for the gradient and 
pressure head level of the general groundwater head in the research area, in combination with 
average tidal level, infiltration capacity and precipitation. Variations in the permeability of the 
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Figure 50: Implemented model boundary condition for drainage below parking lot, based on observed tidal 
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archaeological deposits are of lesser importance for the average groundwater head below Bryggen.
During the transient model calibration in 2008 (De Beer, 2008), it became clear that the initial 

steady state model from 2005 was not able to transiently simulate extreme low groundwater heads 
during the summers of 2007 and 2008, unless the drainage level below the hotel was lowered from 
+0.45 m to +0.20 m asl. Based on this, new field measurements were carried out which concluded 
that the actual drainage level of the drainage pipe along the northwest side was at -0.09 m asl., 
which in practice is equal to the average sea water level of +0.01 m asl. If the drain originally was 
constructed at +0.45 m asl., as construction design drawings indicate, then the drainage pipe and 
manhole must have sunk by 0.54 m since its construction in 1979. Such a lowering is considered 
plausible, considering the remaining thickness of archaeological deposits along the front of the 
buildings, directly below the drainage and the heavy foundation aggregates that were used to level 
the ground before construction of the parking lot. The drainage itself will also have caused a low-
ering of the groundwater pressure within the remaining archaeological deposits below the drain, 
thereby creating an extra load, resulting in further subsidence. Since the hotel is founded with 
concrete piles on the bedrock, no visible damage has been noted above ground.

A drainage level of +0.20 m was implemented in the updated 2008 model, based on head mea-
surements in MB16. A modelled head loss of 0.20 m is considered due to flow losses by entrance 
resistance to the drainage system. In 2008, it was concluded that the groundwater head below the 
parking lot could also reach low levels as a natural consequence of long dry periods, assuming the 
groundwater flow through the bedrock is sufficient (De Beer, 2008). Monitoring after mitigation 
(see 4.5.9.1) has shown that groundwater pressure at depth may indeed sink considerably during 
prolonged dry spells in combination with low tides.

The effect of the sheet pile and drainage system on the groundwater head is clear, as illustrated 

Figure 51: Modelled hydraulic head at Bryggen. Iso-surfaces indicate equal groundwater head (de Beer, 2008).
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in Figure 51 with coloured iso-surfaces indicating equal modelled groundwater head. With respect 
to a "natural" situation, the groundwater heads are lowered between 0.75 m and 1.50 m below the 
hotel area and along the northern parts of Bugården.

As the drainage system has been modelled specifically in the numerical groundwater model, 
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indicative water balance calculations were carried out (de Beer, 2008). The drainage pipe along 
the north-western part of the hotel drains variable volumes of groundwater, dependent on the tidal 
situation and meteorological conditions. Since the drainage pipe (before mitigation) was in an 
open connection with the Vågen harbour, seawater flowed into the drainage system during high 
tides. This caused rapid variations of in- and outflow.

Figure 52 shows the transiently modelled water flux for a selected period (March 5 to April 
14, 2007). The average groundwater discharge rate is calculated to rather stable 30 to 60 m3/day 
(0.4 to 0.7 l/sec), during periods with low precipitation and only discharge to the Vågen harbour. 
Figure 52 clearly illustrates that the water flux rapidly changes during periods with high tidal vari-
ations. During these periods, flow rates will temporally increase to rates up to 3.5 l/sec (in- and 
outflux). A single manual measurement of the discharge rate in the drainage pipe manhole, gave a 
flow rate of 1.2 l/sec. Figure 53 shows the variation of the daily discharge for the period between 
March 5 and April 14, 2007. The net daily discharge from the drainage system before mitigation 
is calculated to vary between 25 and 75 m3.

4.4.4.6.  Summary of groundwater flow conditions at the Bryggen site before 

mitigation

Groundwater flow conditions at the Bryggen site are generally governed by its location down a 
steep hillside and the harbour. Climatic conditions with an annual precipitation of 2,250 mm and 
strong variations due to local orographic lift result in relatively prominent groundwater gradients 
towards the harbour. Very few measurements of the pressure head in the upstream part of the 
catchment are available. As described by Kitterød (2015), the groundwater flow roughly follows 

Figure 54: Calculated groundwater levels for the Bryggen site before mitigation during a representative dry period 
(appr. yearly low).
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the major anisotropy axis of N135 °E, through a system of open fractures and weak, permeable 
bedrock zones of greenstone, phyllite and gneiss, before feeding the superficial deposits under 
Bryggen and Vågsbunnen. Before mitigation, local precipitation on the site only partly infiltrated 
to the subsurface. Most local precipitation was directed through the nearest storm water system 
and transported to the harbour.

Figure 54 shows the calculated groundwater level for the Bryggen site before mitigation during 
a representative dry period (approximately yearly low). Groundwater flow is directed towards the 
area surrounded by a sheet pile wall. The sheet pile wall surrounding the underground parking 
was constructed as a soil and water barrier during construction of the hotel building in 1979. The 
bottom of the construction pit was about -2 m asl during excavation. Due to the increasing terrain 
level to the north-west, its depth varied from about 3.5 m along the harbour side to more about 7 m 
along the north-western part. A gravel foundation was applied below the watertight concrete park-
ing cellar. Drainage pipes were installed to avoid updrift of the cellar floor due to high groundwa-
ter pressures (design levels +0.45 m asl and +1.00 m asl). Hydrogeological investigations (de Beer, 
2005; 2008; 2010; Basberg, 2011) have shown that the redevelopment caused a local change in the 
water balance and lowering of hydraulic heads.

In the south-eastern part of Bryggen, outside the directly influence of the redeveloped area, 
groundwater levels are stable and high (de Beer, 2008), see section 4.2., and archaeological depos-
its are still extremely well preserved (Dunlop, 2004–2013; Matthiesen et al., 2008).

In summary, the following groundwater flow conditions were observed prior to mitigation:
• The drainage level below the hotel was measured to be -0.09 m asl.; 0.54 m lower than the 

designed drainage level.
• Groundwater leaked below the sheet piling and through bedrock fractures, particularly 

affecting deep groundwater pressure heads in the wider area.
• Groundwater leaked through anchor casing pipes (45-60 degrees drilled into the bedrock), 

also affecting deep groundwater pressure heads in the wider area.
• Groundwater leaked through anchor holes about 2 m below the top of the sheet piling, 

affecting shallow, phreatic groundwater heads in the direct vicinity of the redevelopment.
• The sheet pile wall had local damages and disruptions due to crossing sewage and storm 

water pipes and locally lower sheets, also affecting shallow groundwater heads in the di-
rect vicinity of the redevelopment.

• A shallow preferential flow path with dynamic groundwater conditions existed along the 
outside of the sheet piling close to historical Bredsgården buildings (Basberg, 2011).

Based on these observations, mitigation measures were designed to:
1. Increase the hydraulic pressure head below the hotel parking lot to reduce the hydraulic 

gradient towards the drained area.
2. Stop leakage through the sheet piling (anchor holes, local disruptions) to reduce direct 

groundwater discharge from the archaeological deposits to the drained area.
3. Create an artificial hydrological barrier between the heritage site and the redeveloped area 

to raise the phreatic groundwater head and to reduce groundwater flow dynamics.
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4. Increase and stabilise phreatic groundwater heads at the site, thereby reducing oxygen 
penetration into the topsoil, archaeological degradation and consequential subsidence.

4.5.  Mitigation measures

This section is based on the following publications: Rytter and Schonhowd (2015), De Beer and 
Boogaard (2017), De Beer et al. (2015, 2016), Matthiesen et al. (2016) and Boogaard et al. (2014, 
2016).

4.5.1.  Introduction

In September 2011, a large-scale mitigation project was started to safeguard the World Heritage 
Site. A range of mitigation measures were implemented to improve preservation conditions. As 
stated before, measures were focussed on re-establishing higher and less dynamic groundwater 
flow conditions, which should lead to more reduced conditions at the site (Rytter and Schonhowd, 
2015).

One of the main mitigation targets has been to create a hydrological barrier between the area 
where urban redevelopment has disturbed the local water balance and the affected areas that are 
characterised by poor preservation conditions. The hydrological barrier is basically a combination 
of a sustainable water management measures that change the local water balance from a situation 
where rain- and groundwater is rapidly drained from the site, to a situation where water infiltrates 
to the subsurface and archaeological deposits, increasing groundwater levels.

Prior to implementation of mitigation measures, the following goals were formulated to 
achieve optimal preservation conditions for the archaeological deposits at the site:

• Mitigation measures should be based on sustainable water management solutions, unless 
this is practically not feasible in terms of risk management.

• Shallow groundwater levels (phreatic) should be raised to around 1 m below the terrain 
surface, or at least to a level that improves saturation conditions of archaeological depos-
its.

• Groundwater levels below historic buildings should be kept below identified building con-
struction levels (foundations) to avoid humidity problems at the ground floor level.

• The water used for infiltration should be fresh rainwater, (pumped) groundwater of spec-
ified quality, or in case of droughts, drinking water. Salt or brackish water should be 
avoided.

• Infiltration levels should be easily adjustable after construction to lower or raise water 
levels based on monitoring results, and as such achieve optimal groundwater conditions 
for in-situ preservation.

• Oxygen removal in the infiltrating water should be facilitated, preferably by natural re-
duction processes.

• The mitigation measures should be resilient to extreme hydroclimatic events, without 
causing damage or additional flooding, considering predicted changes in climate.

• A monitoring and steering control system must be installed to identify failure of the sys-
tem and actively pump water if needed.
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Figure 55: Schematic overview of infiltration facilities and monitoring locations (De Beer et al, 2016)
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Figure 56: Illustrative cross-section A-Á  (Figure 55) between redeveloped (hotel) area and undisturbed Bryggen 
site with subsurface and groundwater flow conditions before mitigation (De Beer et al, 2016, modified after De 
Beer, 2008).
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Figure 55 shows schematically where sustainable urban drainage systems were implemented; 
swales, rainwater storage tanks, rainwater gardens and a subsurface infiltration transport system 
(IT-system). Figure 56 shows a simplified section across the sheet piling, with initial ground and 
groundwater flow conditions, before mitigation.

Sections 4.5.2 to 4.5.7 describe the main mitigation measures implemented at the Bryggen 
site. Section 4.5.8 describes and discusses the observed results with respect to groundwater level, 
temperature and archaeological preservation conditions.

4.5.2. Leakage repairs and adjustment of the existing drainage system

Prior to implementation of the active hydrological measures, repairs were carried out in 2012 - 
2014 to seal leakages along the sheet pile wall. Relative shallow leakages through anchor points 
along the north and northeast and southeast sections of the sheet pile wall (approximately 1.5 m 
below the rim of sheet pile wall) caused inflow of groundwater from the surrounding area to the 
drained area under the hotel parking lot. Leakage points along the south-western section due to 
crossing sewage and storm water pipes at a level of approximately +0.30 m asl., caused outflow 
of water from the drained area under the hotel parking lot to the quay area. The latter leakage 
points were thus effectively limiting the water level under the hotel parking lot to be raised above 
+0.30 m asl.

Repair of deeper leakages below the sheet pile wall proved to be difficult due to the depth and 
limited available space. Sealing leakage through bedrock fractures was deemed to be expensive 
and the effectiveness was uncertain. However, drainage below the hotel parking lot had caused an 
observed lowering of the deep groundwater pressure head, that effectively was transferred to the 
wider surroundings below Bryggen because of deep leakages at the sheet pile foot, and through 
bedrock fractures. An increase of the drainage level below the hotel parking lot was expected to 
result in a raise of the deep groundwater pressure head in the wider surroundings. This would in 
turn lead to a reduced downward gradient over the archaeological deposits and towards the hotel 
area, resulting in lower groundwater flow rates in the archaeological deposits and eventually high-
er phreatic groundwater levels.

Drainage below the parking lot took place through an open pipe connection at the south-west-
ern point of the developed area, close to the harbour (measured to -0.09 m asl., see also section 
4.4.4.5). As such, seawater could freely flow in- and out of the drained area, resulting in an 
average hydraulic pressure below the parking lot floor of a few decimetres above sea level (due 
to flow resistances). The drainage level below the hotel was gradually raised to the maximum 
possible level of +0.80 m asl. In practice, this was carried out by raising the overflow point from 
-0.09 m to +0.80 m asl. The mitigation measure led to an immediate increase of the water level 
below the parking lot with almost 0.40 m in September 2011. Repairs of the leakage points below 
+0.80 m asl. along the sheet piling, led to a further increase in 2012 (see section 4.5.9).

4.5.3.  Subsurface infiltration-transport (IT-)system

A second mitigation measure has been the construction of a shallow water infiltration-transport 
system (IT-system) in 2012–2013. The aim of the IT-system is to artificially re-establish shal-
low groundwater conditions, comparable to an undisturbed situation. The criteria summarised in 
 section 4.5.1 were used for the design of the IT-system, shown in Figure 57. The system consists 
of shallow subsurface trenches. separated by impermeable clay dams. This facilitates stepwise 
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higher infiltration levels in line with the terrain 
level along the Bryggen tenements. The terrain 
level increases from about +1.5 m asl. close to 
the front buildings (downstream) to about +5.0 
m asl. along the eastern side of the redeveloped 
area (upstream).

The infiltration levels in each trench can be 
controlled by adaptable overflows in inspection 
wells (de Beer and Seither, 2015). This enables 
adjustment of infiltration levels based on mon-
itoring results. This flexibility is particularly 
valuable in heterogenic urban soils, where it 
is practically impossible to foresee effects of 
changes in hydraulic conductivity in the soil that 
may control groundwater conditions.

The infiltration level along the north-east-
ern side of the redeveloped area is set to +4.0 m 
asl., in line with the terrain level of about +5.0 m 
asl. The clay dams reduce the groundwater flow 
along the outer side of the sheet piling (Basberg, 
2011) and control the groundwater levels. The 
clay dams were manually crafted using a small 

Figure 57: Schematic representation of the installed Infiltration-Transport system at Bryggen (De Beer et al., 2016)

Figure 58: Construction of clay dams. Photo: 
 R. Dunlop, NIKU (De Beer et al., 2016)
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grabber and a temporary wooden casing as shown in Figure 58. This ensured proper connection of 
the clay to the low permeable archaeological deposits below and besides the sheet piling. as well 
as the sheet piling itself.

A layer of wood chips was put at the base of the infiltration trenches to act as a reducing buffer 
layer. Infiltration pipes were installed within a bedding of highly permeable baked clay pellets 
(Leca®). The total system was embedded within a permeable geotextile. before covering with a 
sandy bed for the road on top.

Downpipes from all surrounding buildings and overflow from additional infiltration facilities 
upstream (Rytter and Schonhowd, 2015) were connected to the IT-system. Road levels upstream 
were adjusted to allow storm water to enter the system. Downstream, the IT-system is connected 
to the municipal storm water sewage system to secure controlled outflow during extreme rainfall 
events.

Additionally, a set of groundwater pumps was installed within the former building pit. on the 
“inside” of the sheet piling. These pumps extract excess groundwater that still leaks through and 
below the sheet piling and deliver the water to the IT-system, creating a return flow. This active 
pumping system has a limited capacity due to pumping depth restrictions. In addition, a drinking 
water connection has been established to top up infiltration during extreme dry periods.

4.5.4.  Rainwater garden

A third mitigation measure has been the construction of two rainwater gardens. Rainwater gar-
dens are also referred to as bioretention systems (CIRIA, 2015). A rainwater garden is a shallow 
landscaped depression that can reduce runoff rates and volumes, and treat pollution using engi-
neered soils and vegetation. Runoff collected by the rainwater garden may pond temporarily on 
the surface and then filters through the vegetation and underlying soils. The engineered soil mix 
in the rainwater garden is used as filter media to enhance bioretention treatment performance. 
At Bryggen, the filtered runoff should preferably infiltrate to the subsurface soil. Under average 
meteorological conditions, the treated runoff volume is therefore infiltrated to subsurface below 
the rainwater garden. During precipitation events where runoff exceeds infiltration capacity of 
the subsoil, excess runoff is passed forward through a piped drainage system to other drainage 
facilities, in this case swales (4.5.5), permeable pavement (4.5.6) and the subsurface IT-system 
(4.5.3), before eventual excess runoff is further conveyed to the ordinary municipal piped storm 
water runoff system.

The physical rainwater garden design should always be location-specific. Due to the flexibility 
in design, rainwater gardens can be easily integrated within existing landscaped areas such as 
Bryggen and are therefore often a cost-effective retrofit option. At Bryggen, the form and aesthetic 
appearance of the rainwater gardens are based upon the historic location of the Bryggen park, and 
the use of the park throughout its history. The vegetation was chosen to reflect the existing park- 
and plant history. Vegetation influences the performance of the rainwater garden through direct 
uptake of pollutants and by facilitating physical and chemical processes in the soil that remove 
nutrients. It also prevents erosion of the topsoil and helps to maintain the permeability of the filter 
medium.

A vertical cross-section of the constructed rainwater garden is given in Figure 59, indicating 
the following engineered subsurface components of the rainwater garden; the filter medium, a 
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transition layer (geotextile), a drainage layer and an additional fine sand layer.
The filter medium is a mixture of 40 % sand and 60 % organic soil to maintain healthy plant 

growth. It filters out pollutants and controls the rate at which water filters through the system. Due 
to restrictions in excavation depth, the thickness of the filter medium could only reach 400 mm, 
which is considered an absolute minimum (CIRIA, 2015). The rainwater garden at Bryggen is 
however a first treatment step in addition to swales, pervious pavement and other infiltration com-
ponents. Its main goal is to intercept and infiltrate storm water runoff. Monitoring of the removal 
efficiency should be carried out to assess if additional treatment steps are necessary.

The transition layer prevents washing of fine material from the filter medium into the drain-
age layer consisting of gravel.

The (gravel) drainage layer collects water from the filter medium, creates storage volume and 
allows water to reach perforated drainage pipe system that is positioned in the top of the drainage 
layer easily. The drainage layer has a thickness of about 300 mm and includes 110 mm drainage 
pipes (underdrains) at top of the layer. Water reaching the drainage layer will under normal cir-
cumstances fill the drainage layer and initially infiltrate to the fine sand layer covering the archae-
ological deposits. When precipitation exceeds the relative low infiltration capacity of the natural 
subsurface, the drainage layer will be filled and convey excess water though the underdrains 
towards the subsurface IT-system. During extreme conditions, a system of vertical overflow pipes 
will convey the water towards the swales.

The engineered fine sand layer below the drainage layer like buffer between the archaeolog-
ical deposits and the rainwater garden. The fine sand layer has a considerable higher infiltration 
capacity than the archaeological deposits but will retain water during longer dry periods due to its 
fine grain size distribution. A photo of the rainwater gardens shortly after finished construction is 
given in Figure 60.

In addition to the above-mentioned subsurface components, the rainwater gardens have inlets 
designed to reduce scour and erosion at the surface using larger stones that reduce flow energy. 
Storm water is collated from the upstream paved area (roads and roofs) and conveyed to a col-
lecting manhole with sediment trap, before released into the rainwater gardens. The main road 
(Øvregaten) is bypassed from the collating system as this road is heavily salted during winter. As 
mentioned above, the rainwater gardens include overflow systems with standpipes and overflow 
channels to ensure secure flood pathways during extreme hydroclimatic events, when the precipi-
tation exceeds the design capacity of the system.

Figure 59: Cross-section rainwater garden at Bryggen (Multiconsult AS, in: Rytter and Schonhowd, 2015)
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The hydraulic design of a rainwater garden should provide sufficient area to temporarily store 
storm water runoff as a layer of not more than 150 - 300 mm depth on the surface (CIRIA, 2015). 
This will enhance evaporation and should limit the amount of time water is standing on the sur-
face of the facility, as too wet conditions over time would limit the choice of plant species that can 
be used. The rainwater gardens cover respectively 45 m2 and 130 m2, comprising a total area of 
175 m2. A basic design criterion is that a rainwater garden area should have a size of approximate-
ly 5 % of the connected upstream catchment area, considering that this area is covered by 100 % 
impermeable pavement. This implies that the rainwater gardens at Bryggen may connect approx-
imately 3.000 m2 catchment area (roofs and roads). Currently, the connected area is less than the 
design criteria, and no overflows have occurred since the rainwater gardens were constructed 
(summer 2015). A hydraulic test is planned to confirm the exceedance thresholds of the rainwater 
gardens and allow for optimal connection of storm water runoff generating area.

Although the primary goal of the rainwater gardens is storm water runoff attenuation, re-
tainment and increased infiltration to the surface, the rainwater gardens are expected to provide 
effective treatment functionality through (CIRIA, 2015):

1. the removal of sediments and associated pollutants (such as nutrients, free oils/grease and 
metals) by filtration through surface vegetation and ground cover;

2. the removal of fine particulates and associated pollutants by infiltration through the filter 
medium layer - this provides treatment by filtration, extended detention treatment and 
some biological uptake by vegetation and subsoil biota;

3. the removal of dissolved pollutants by sorption of pollutants to the filter medium.

Correctly designed and maintained, bioretention systems such as rainwater gardens, have been 

Figure 60: Rainwater gardens shortly after construction, with newly planted vegetation.
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shown to retain pollutants even when receiving snow melt that contains de-icing salts (Muthanna 
et al, 2007). Pollutant removal efficiencies of bioretention systems designed according to the 
guidelines from FAWB (2009) are summarised in Table 19.

Dalrymple (2012) concluded that bioretention systems, such as rainwater gardens, typically re-
quire approximately 2.5 times more maintenance than typical landscape designs. As a part of the 
maintenance plan for all mitigation measures at Bryggen, a specification of maintenance activities 
and frequencies has been produced to ensure that maintenance is carried out properly in the long 
term. According to CIRIA (2015), the main cause of failure is clogging of the surface, which is 
easily visible. Since the mitigation measures at Bryggen have only recently been completed, only 
limited experience has been gained related to maintenance. However, visual observations confirm 
that e.g. blocking of inlets and outlets by leaves and transported litter by storm water runoff is an 
issue that should be addressed frequently, particularly during the autumn season.

For further guidance on design, operation and maintenance requirements for bioretention 
systems, the reader is referred to the CIRIA SuDS manual 2015 (CIRIA, 2015).

4.5.5.  Swales

Swales are a type of sustainable urban drainage systems (SuDS) that have been used for well over 
two decades globally to provide storm water conveyance and water quality treatment. Swales are 
shallow (often < 300 mm deep), vegetated (generally grass-lined) channels that receive storm wa-
ter runoff laterally through gentle side slopes and convey this storm water downstream by way of 
longitudinal slopes that are typically less than 5 % (Davis & Jamil, 2008; Davis et al. 2012; Stagge 
et al., 2012). Water quality treatment in a swale occurs through the process of sedimentation, fil-
tration, infiltration and biological and chemical interactions with the soil (Winston et al., 2012). 
Swales have been shown to be very efficient in removing sediment particles from urban runoff 
(Barrett et al., 1998; Deletic, 2005). Swales are relatively simple SuDS components and they are 
installed for a variety of reasons including: storm water transport, water quality improvement, in-
filtration for groundwater or aquifer recharge, flood mitigation, aesthetics and cost. There are gen-
erally two main types of swales: 1) grassed or densely vegetated swales with natural soils below; 
or 2) swales with filter media or porous soils whose major treatment mechanism is infiltration. 
The type of swale selected depends on site physical conditions (soils, slopes, land use, water table 
depth, depth to bedrock), contaminants of concern and maintenance infrastructure (Boogaard et 
al, 2014).

At Bryggen, a standard conveyance swale type (CIRIA, 2015) was implemented with the main 
target to increase groundwater level and humidity in the top soil cost effectively, and to avoid 
oxygenation and loss of the archaeological deposits in the subsurface. The swales consist of two 
grassed areas positioned side by side (Figure 61). Each swale is approximately 20 m long, 6 m 

Pollutant Typical removal efficiency

TSS > 90 %

Total posphorous > 80 %

Nitrogen 50 % on average

Metals (zinc, lead, cadmium) > 90 %

Metals (copper) up to 60 %

Table 19: Pollution removal for bioretention systems designed to FAWB guidelines (after FAWB, 2009)
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wide and has an average slope of 1 : 2. The swales are primary installed to capture and treat storm 
water runoff from upstream roofs and roadway areas, that has passed through the rainwater gar-
den, and convey most of the water to the groundwater and excess storm water further downstream 
to the underground infiltration-transport (IT) system.

Since the primary target of the swale system at Bryggen is to increase groundwater infiltra-
tion for preservation of organic archaeological assets, focus was placed on removal efficiency of 
oxidizing agents such as oxygen and sulphate, as those may induce increased decomposition of 
organic material (Boogaard et al, 2014). A baseline study was performed to characterize the storm 

water quality from the upstream roofs and road areas (Gremmertsen, 2013). Results showed a 
large variation in the amount of pollutants bound and unbound to suspended solids compared to 
previous study results. Lead (Pb) showed a low average percentage of bound pollutants and could 
be the result of mobilization by road salt. Pollutants also appeared to be more dissolved than previ-
ous research results. This may inhibit single-step treatment performance. Therefore, a "treatment 
train" of several sequential SuDS elements was developed at Bryggen to achieve high pollution re-
moval rates and prevention of loss of valuable archaeological assets and consequential subsidence. 
The initial hydraulic monitoring results showed that the condition of the archaeological deposits 
was improved (wet conditions with lack of oxygen) by infiltration of storm water.

The use of shallow SuDS to protect and preserve subsurface organic archaeological deposits 
in a historical urban area with significant legal limitations for (modern) constructions and deeper 
excavations is not only cost-effective, but also a robust and practical solution. A robust monitoring 
program is currently being implemented to evaluate the effectiveness of the treatment-train in 
protecting the archaeological deposits. This is expected to produce further documentation of the 
cost-effectiveness of swales as a mitigation measure to protect archaeological heritage and storm 

Figure 61: Grassed swales at Bryggen. Rainwater garden in the back (Photo: Rory Dunlop, NIKU)
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water treatment in similar types of historical urban locations.

4.5.6.  Pervious pavement

Pervious (or porous) pavements are a type of SuDS treatment device used around the world to 
infiltrate and treat storm water runoff. Pervious pavements are specifically designed to promote 

the infiltration of storm water through the paving and its bedding (Boogaard et al., 2014b). This 
can significantly reduce runoff volumes and discharge rates from paved surfaces, potentially min-
imizing the risk of flooding downstream. In addition to flood prevention, pervious pavement also 
provides improvement of water quality by treating and trapping pollutants. Research has shown 
removal efficiencies of suspended solids between 60 and 90 % (Boogaard et al., 2014a). 

Figure 62: Left: pervious pavement under construction (Photo: Rory Dunlop, NIKU). Right: finished pervious 
pavement with grassed swales on the left.

Figure 63: During rainfall intensities higher than the infiltration capacity, surface water is directed towards the IT-
system downstream.
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At Bryggen, the existing cobblestone pavement at the rear of the site had over time been 
clogged by fine materials. To improve the infiltration capacity, the existing cobblestones have 
been removed and a permeable granulate has been constructed underneath. Special focus has been 
put on creating optimal slopes in the pavement to guide storm water flow towards the subsurface 
infiltration system (see 4.5.3), while maximizing infiltration capacity (Figure 62). During rainfall 
intensities larger than the infiltration capacity, stormwater runoff is generated and guided towards 
the subsurface infiltration system (Figure 63).

4.5.7.  Local rainwater infiltration

Non-paved areas in the Bryggen park area had undergone considerable compaction over many 
years, reducing the infiltration capacity. Existing compacted soils between the swales have been 

reworked to improve infiltration capacity, and 
the topsoil has been replaced by gravel (Fig-
ure 64).

Downpipes from selected roofs at Bryggen 
that originally were connected to the mixed 
sewer system, were partly disconnected and 
connected directly into the bedding below the 
pavement for direct infiltration. To ensure suf-
ficient storage capacity during intense rainfall 
events, flexible drainage pipes were constructed 
within the pavement bedding, and connected to 
the downpipes as shown in Figure 65.

Figure 64: Reworking of natural topsoil, facilitating surface water infiltration.

Figure 65: Disconnecting a downpipe at the rear of 
Bryggen and connecting it to the bedding of permeable 
pavement. Photo: Rory Dunlop, NIKU.
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4.5.8.  Mitigation measures and sustainable urban water management

As described in chapter 3, the principles of sustainable urban drainage are focussed on achieving 
integrated water cycle management for the development or redevelopment of urban areas. This is 
achieved by mitigating the adverse effects of urban storm water runoff such as increased urban 
flooding and deteriorating receiving water quality. Best practice urban storm water management 
requires the development of a suite of integrated treatment measures, each designed for specific 
uses or to target specific pollutant types (Fletcher et al., 2002). Worldwide, local government 
authorities and developers now routinely incorporate various storm water treatment devices into 
the urban landscape to assist in achieving Sustainable Urban Drainage System (SuDS) objectives 
(Boogaard et al., 2014).

As mentioned in section 3.1.3, the selection and design criteria for the mitigation measures 
implemented at the Bryggen site were:

• limited space due to above ground historical cultural heritage structures;
• excavation into archaeological deposits is not allowed, limiting excavation depth;
• ability to store and infiltrate as much water as possible;
• optimal removal efficiency for contaminations and particularly oxidants;
• construction costs;
• maintenance effort and costs;
• “natural” visual expression that is historically correct (no modern design).

These boundary conditions made it necessary to identify shallow infiltration-type SuDS, 
where no digging to depths below the top of the archaeological deposits was required. These 
include the sequence of rainwater gardens, swales and permeable pavement. The rainwater gar-
den (section 4.5.4) is the first step in a "treatment train" for stormwater management, the swales 
(section 4.5.5) form the second step, pervious pavement (section 4.5.6) the third step and the sub-
surface infiltration system (see 4.5.3) the fourth treatment step for local storm water treatment. An 
illustration of the first 3 steps of the treatment train is given in Figure 66.

Increase of soil- and groundwater temperature may increase archaeological degradation 
(Hollesen and Matthiesen, 2014). Research on the thermal influence of urban groundwater re-
charge from stormwater infiltration is limited. Research on larger stormwater infiltration basins 
has documented that the localised infiltration of large quantities of stormwater runoff promoted 
advective heat transfer into groundwater below the infiltration basins (Foulquier et al., 2009). 
The most notable effect was a dramatic increase of the groundwater temperature variation at 
seasonal and event scales, on average nine times higher than at reference sites. The excessive in-

Figure 66: Schematic illustration of the first 3 steps of the treatment train at Bryggen.
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crease in groundwater temperature during summer was accompanied by a concomitant decrease 
in dissolved oxygen concentration, that reflected a lower oxygen solubility and higher microbial 
respiration in the soil and unsaturated zone (Foulquier et al., 2009). With respect to preservation 
conditions of underlying archaeological deposits, there may therefore be a risk of increased deg-
radation of unsaturated archaeological deposits if they are unprotected by other (organic) material 
above. Adjustment of the design of the infiltration facilities by adding an oxygen reducing buffer 
layer, such as a layer of wood chips (section 4.5.3) above the archaeological deposits, will there-
fore act as a protection layer before infiltrating stormwater reaches the underlying archaeologi-
cal deposits. Foulquier et al. (2009) indicate that groundwater temperature variation at seasonal 
and event scales can be attenuated by reducing the catchment areas connected to the infiltration 
facilities. Their results also imply that the net effect on average groundwater temperature is cli-
mate-dependent. Infiltration will locally warm up groundwater in regions where rainfall occurs 
during warm climates (e.g. continental climate), whereas they cool down urban groundwater in 
cold-rain dominating regions (e.g. Mediterranean climate). Groundwater temperature monitoring 
at Bryggen shows that groundwater temperatures are affected by infiltrating rainwater. During 
summer, groundwater temperatures increase during rainfall events, while during winter, ground-
water temperatures drop during rainfall events. This illustrated in Figure 67. The net effect on 
average groundwater temperature in the archaeological deposits directly below or downstream 
infiltration facilities is likely to be moderate. The thermal effect of stormwater infiltration strongly 
attenuates with increasing depth below the groundwater table (Foulquier et al., 2009).

4.5.9.  Results of the mitigation measures

4.5.9.1.  Groundwater flow conditions after mitigation

This section is partly based on de Beer et al. (2016). The hydrological barrier between the rede-
veloped area and the World Heritage Site has had positive effects on the hydrological conditions, 
and consequently on the preservation conditions of archaeological deposits in situ. Groundwater 
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Figure 67: Groundwater temperature at monitoring well MB11. Black bars show precipitation (mm).
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levels have risen to a higher level (de Beer and Seither, 2015) and reduced the thickness of the 
unsaturated zone within the archaeological deposits. This in turn has reduced the oxygen ingress 
and decay rate (Matthiesen et al., 2016). 

The effects of raising the drainage level below the hotel to +0.75 m asl., are clearly visible 
in all observation wells that have filters below the archaeological deposits (see section 4.4.4.3). 
 Figure 68 to Figure 70 show the observed groundwater pressure heads in MB16, MB17 and MB23. 

MB16 is positioned within the hotel area, while MB17 is just a few meters apart from MB16, on 
the Bryggen site of the sheet piling. MB23 is in Bredsgården, one tenement further southeast, 
within the World Heritage Site. Locations of all observation wells are shown in Figure 25. The 
initial increase of the drainage level was carried out in September 2011 and was gradually further 
increased to about +0.75 m during summer 2013. Incidental short duration low groundwater heads 
in the period from 2011 to 2014 are caused by temporal groundwater pumping to leakage repairs 
in the sheet piling.

In addition to the observed raise in groundwater pressure head in the beach sand deposits be-
low the archaeological deposits, the absolute pressure head variation has also been reduced from 
approximately 50 cm to 30 cm. The vulnerability of the archaeological deposits to groundwater 
level variations due to temporal droughts has therefore been reduced.

Table 20 gives key statistics for selected periods before (2007-2010) and after mitigation 
(2014-2016) for observation wells MB16, MB17 and MB23. Groundwater pressure heads have 
changed following mitigation. After mitigation, the groundwater head in MB16 has become equal 
to the increased drainage level below the hotel. The groundwater head variation is reduced by 
5 cm in each observation well, which is a consistent and significant change. In all 3 series, the 
changes in the lowest observations show clearly that the increased median heads are caused by the 
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Figure 68: Hydraulic head observation well MB16, 2006-2016. Mitigation took place from Sep. 2011 to Dec. 2015.
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raise in drainage level. Note that after mitigation, the 5-percentile value for MB16 is well above 
the 95-percentile value before mitigation.The statistics also show clearly that groundwater flow 
before mitigation was directed from MB23 and MB17 towards MB16. This has been reversed after 
mitigation was completed.
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Figure 69: Hydraulic head observation well MB17, 2006-2016. Mitigation took place from Sep. 2011 to Dec. 2015.
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Figure 70: Hydraulic head observation well MB23, 2006-2016. Mitigation took place from Sep. 2011 to Dec. 2015.
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Figure 71 shows MB16, MB17 and MB23 for a selected period (2014-2016) after the mitiga-
tion measures were completed. While previously MB16 was strongly influenced by tidal variations 
as the drainage system below the hotel was in an open connection with the Vågen harbour, the 
tidal effect has now been considerably reduced. Instead, the average tidal variations now affect the 
head under the archaeological deposits more directly (MB17, MB23). In Figure 72, the observed 
daily average tidal variation is added to illustrate this point.

Within the archaeological deposits, shallow groundwater levels show a combined effect be-
cause of both increased pressure head below the deposits as well as active shallow infiltration 
through the implemented SUDS. As demonstrated in section 4.4.4.4, groundwater heads in se-
lected observation wells within the archaeological deposits were negatively affected by significant 
drawdown during a pumping event, even at MB02, at the centre of the Bryggen site. Similarly, 
shallow groundwater heads will be positively affected by the increased pressure head at deeper 
levels. Figure 73 shows the average daily groundwater head in observation well MB2. Median 
groundwater levels for 6 yearly periods were calculated to assess if a clear change can be ob-

Period Obs. well Median
(cm asl.)

Mean
(cm asl.)

St. dev.
(cm)

5-perc.
(cm asl.)

95-perc.
(cm asl.)

Number of 
obs.

2008-2010 MB16 39 39 13 19 61 730

2014-2016 MB16 75 76 8 65 90 716

2007-2009 MB17 42 45 13 27 70 731

2014-2016 MB17 69 71 8 62 85 720

2007-2009 MB23 50 52 13 32 76 731

2014-2016 MB23 73 73 8 63 87 718

Table 20: Statistics for periods before (2007-2010) and after mitigation (2014-2016). Observation wells MB16, 
MB17 and MB23.
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Figure 71: Hydraulic head in observation wells MB16, MB17 and MB23 after mitigation (2014-2016).
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served, see Table 21 (2007 and 2011 are excluded due to data gaps). Although the observed head 
series visually gives the impression of a gradually rising trend over the monitoring period, the 
absolute changes are small and fall within natural groundwater variations of this observation well, 
that is regarded as a reference for the Bryggen site.
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Figure 72: Hydraulic head in observation wells MB16, MB17, MB23 and Vågen harbour, after mitigation (2014-
2016).
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Figure 73: Hydraulic head observation well MB2, 2006-2016. Mitigation took place from Sep. 2011 to Dec. 2015.
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The combined effect of raising the drainage level below the hotel to +0.75 m asl. and construc-
tion of the IT-system has led to a significant increase of shallow groundwater levels in the areas 
that were strongest affected. In this section, the results are illustrated by analysing the observed 
water levels in observation wells MB21, MB7 and MB22. When interpreting the results, it is im-
portant to notice that although the IT-system was completed by the end of 2014, the connected 
pumping and drinking water supply system (see section 4.5.3) has not been operative between 
mid-2015 until the end of 2016. This was due to technical and logistical issues that have been 
resolved in December 2016. Consequently, the shallow groundwater levels in the affected areas 
have dropped during dry periods, when very little natural recharge took place and the IT-system 
as a result was empty.

Figure 74 shows the observed effects in MB21. MB21 is in the area at Bryggen that has had 
the highest subsidence rates, lowest groundwater levels and highest degradation rates (see Figure 
16 and Figure 25). MB21 is located less than a metre from a previous test pit that has been inves-
tigated in detail by Matthiesen (2007) and includes measurements of soil moisture, oxygen and 
redox-potential (Matthiesen et al., 2016). MB21 has a filter placed from +1.61 m to 0.61 m asl.

Observation well MB7 is located a couple of meters from MB21, closer to the sheet piling and 

Period Median
(cm asl.)

Mean
(cm asl.)

St. dev.
(cm)

Number of 
obs.

2008-2009 before mitigation 129 130 10 365

2009-2010 before mitigation 128 129 13 365

2012-2013 after mitigation 125 128 10 366

2013-2014 after mitigation 140 139 19 358

2014-2015 after mitigation 130 130 6 365

2015-2016 after mitigation 128 129 11 365

Table 21: Yearly statistics for groundwater head in MB2, before and after mitigation.
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Figure 74: Hydraulic head observation well MB21, 2009-2016. Mitigation took place from Sep. 2011 to Dec. 2015.
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IT-system (see Figure 25), but still completely within the archaeological deposits. The most sig-
nificant difference with MB21 is the filter length and depth. The filter of MB7 is located between 
+0.46 m and -1.54 m asl., which is significantly deeper and of double length compared to MB21. 
Figure 75 shows the observed hydraulic head in MB7. It shows the same increase during period 
in which mitigation measures were carried out. The increased groundwater head since September 
2011 until July 2014 is more than 1.2 m, about three times the effect of the increased deep pressure 
head alone. The hydraulic head in MB7 is clearly positively affected by both increased pressure 

head below the archaeological deposits and shallow infiltration from the IT-system. The malfunc-
tion of the active pumping part of the IT-system from mid-2015 until the end of 2016 shows that 
the groundwater head does sink during dry periods, when the IT-system is empty. The negative 
consequences are however reduced strongly by the increased deeper pressure head and still above 
even the highest groundwater heads from before mitigation. The IT system also enables a much 
quicker recovery of the phreatic groundwater level after dry periods.

In Figure 76, the observed hydraulic head in MB22 is shown. MB22 has a similar filter depth 
as MB7, from -0.88 m to -1.88 m asl., but with a filter length of only 1 m. It is located within most-
ly reworked ground only a few decimetres outside the sheet piling between the hotel parking and 
Schøtstuene to the northeast. Excavation during sheet pile repairs showed considerable leakages 
through sheet pile slots. Photographs from the construction of the parking lot in 1979, showed 
that bedrock had been blasted at this location, and apparent sealing works with concrete were 
carried out along the foot of the sheet pile wall. Before mitigation, MB22 showed groundwater 
heads varying slightly higher, but in line with the drainage level below the hotel parking, between 
0.40 and 1.40 m asl. Figure 76 shows an immediate positive reaction to an initial, temporary rise 
in the drainage level of about 0.40 m, back in November 2010 (De Beer, 2010). Mitigation works 
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Figure 75: Hydraulic head observation well MB7, 2006-2016. Mitigation took place from Sep. 2011 to Dec. 2015.
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gradually led to an increase of the hydraulic head to 1.90 m asl. The section of the IT system 
along the north-eastern part of the sheet piling is not connect to the treatment train consisting 
of raingardens and swales. Instead, this section is connected to an IT system constructed around 
the Schøtstuene buildings (see section 4.5.3), including a set of subsurface water tanks that are 
intended to provide a water buffer for infiltration during dry periods. Rooftops from both the hotel 
and Schøtstuene are connected to this system. Based on the observations in MB22 it is concluded 
that this IT-system has a similar positive effect on the phreatic groundwater levels as the IT-system 
along the Bugården section. However, as both the unsaturated zone is much thicker and leakages 
through and below the sheet piling are higher along this section, more water volume is needed to 
maintain a stable and high groundwater levels. The groundwater below Schøtstuene and towards 
the rear of the hotel is more vulnerable to meteorological variability. Active pumping is intended 
to provide sufficient and stable water inflow to the IT-system. Observations show that this func-
tioned properly until mid-2015, when the initial pumping system failed. Although groundwater 
heads no longer drop below the new, raised drainage level under the hotel (+0.75 m), it is essen-
tial to improve active infiltration at this location. This is expected to lead to increased phreatic 
groundwater levels upstream of the IT-system, below Schøtstuene, where the buildings in recent 
years have shown uneven and high subsidence rates.

The selected observation wells discussed in this section show individually significant changes 
in the hydraulic head due to mitigation. An indicative spatial view of these changes at the site is 
obtained by calculating the difference between observations in August/September 2011 and the 
observations in November 2014, and interpolating these over a larger area (Tuttle, 2015). The 
results are shown in Figure 77. Due to the natural northeast - southwest gradient, and largest 
drawdown along the north-eastern corner of the sheet piling, the effects of the mitigation are larg-
est here, up to 1.50 m raise in groundwater head. It also shows that the effects diminish towards 
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Figure 76: Hydraulic head observation well MB22, 2006-2016. Mitigation took place from Sep. 2011 to Dec. 2015.
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Schøtstuene and the northwest, as described for observation well MB22. The effects of the miti-
gation measures at the rear of Bryggen extend at least 2 rows of tenements towards the southeast 
and are clearly documented in the Bredsgården tenements.

Concluding, the combined effect of raising the deeper groundwater pressure and shallow in-
filtration through the IT-system is clearly visible from the initiation of the mitigation measures in 
September 2011, until June 2015. Hydraulic heads and phreatic groundwater levels rise, and the 
variations are reduced. Failure of the pumping system during the summer of 2015 and unsuccess-
ful repair of this part of the system during 2016, has resulted in periodically low groundwater 
levels during prolonged dry periods and increased fluctuations in 2015-2016. Although the ac-
tive pumping facility of the IT-system was not functioning properly, the high groundwater levels 
during wet periods show that the IT-system does raise the groundwater levels to a significantly 
higher level than before mitigation. The water management system is indeed having an effect. 
Monitoring shows that active pumping is necessary to maintain relatively steady high groundwa-
ter levels, and that it requires continued monitoring and occasional maintenance.

Monitoring of hydraulic head, redox-potential and oxygen content along the north-eastern and 
south-western parts of the sheet pile also show that the IT-system decreases the previously docu-
mented dynamic flow conditions (Rytter and Schonhowd, 2015).

4.5.9.2.  Groundwater temperatures after mitigation

Before mitigation, relatively high groundwater temperatures were measured within the archaeo-
logical deposits (de Beer, 2010). Increased temperatures are known to potentially enhance organic 
decay (Hollesen and Matthiesen, 2014; Matthiesen et al., 2015). Reduction of groundwater tem-
perature was not considered an imminent mitigation goal in comparison to obtaining more satu-

Figure 77: Isopach map of mitigation effect on phreatic groundwater levels (Tuttle, 2015).
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rated conditions, although it was agreed that temperatures should be monitored and preferably not 
increased because of mitigation.

Groundwater levels and temperatures from two 2-year periods with approximately similar 
meteorological conditions were used. A period before mitigation. July 1, 2007 to June 30, 2009; 
and period after mitigation; July 1, 2013 to June 30, 2015 were chosen to study the mitigation 
effects. Figure 78 shows median groundwater temperatures in monitoring wells for both periods.

MB41 and MB42, which were installed after completion of the hydrological barrier, are also 
shown. Figure 79 shows box-plots for the groundwater temperatures in the monitoring wells for 
both periods. Table 22 gives similar statistics for air temperature measured at the nearest meteo-
rological station (Bergen Florida) for comparison. 

The groundwater temperatures in the archaeological deposits and in the deposits below the 
archaeological deposits have dropped after the hydrological barrier was established (MB16, 13, 17, 
22, 23 and 18, see Figure 78). The variation within the chosen period in groundwater temperatures 
has also been reduced. The decrease in average temperature and variation is found at 50 m from 

Figure 78: Median groundwater temperatures before mitigation (01.07.2007-30.06.2009) and after mitigation 
(01.7.2013-30.06.2015).

Period Statistics

start end median mean std.dev. 5-perc. 95-perc.

Before mitigation July 1, 2007 June 30, 2009 8.4 8.6 5.6 -0.2 17.6

After mitigation July 1, 2013 June 30, 2015 8.4 9.3 5.1 2.0 18.0

Table 22: Air temperatures for selected periods before and after mitigation.
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the barrier. Temperatures and variation at greater distance (MB11, MB29) were not reduced.
Monitoring wells MB7 and MB21 form an exception to the general trend and show a slight 

warming trend and no clear change in temperature variations. This can be explained by the fact 
that these wells had relatively low groundwater temperatures before the hydrological barrier was 
established, due to their position further away and upstream from the sheet piling.
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Figure 79: Box-plots for groundwater temperature for slected periods before mitigation (01.07.2007-30.06.2009) 
and after mitigation (01.7.2013-30.06.2015) (De Beer et al, 2016).
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Figure 80: Time series of soil temperature for depth profile TG1 and MB13 (after mitigation) (De Beer et al, 2016).
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Figure 80 shows soil temperature in the high-resolution depth profile TG1, for the period of 
July 1, 2013 to June 30, 2015, after mitigation. The groundwater temperature measured in MB13, 
close to the depth profile, has also been included for reference. The groundwater level after miti-
gation at the location of the depth profiles varies between 0.6 to 1.0 m asl. Therefore, all sensors, 
except the upper two sensors in profile TG0, are within the saturated zone. Figure 80 shows that 
the seasonal temperature variation propagates downward and dampens with depth by a combi-
nation of advective transport with infiltrating groundwater and conductive heat flow. One may 
inversely quantify groundwater flow (seepage flux) from the propagation of soil temperatures. 
Since in-situ degradation processes are dependent on ion exchange between groundwater and the 
archaeological material (redox processes), the seepage flux is one of several factors to determine 
the speed of degradation.

Based on the theory of interaction between heat conduction processes and advection of wa-
ter, methods have been developed to inversely quantify water flow (seepage flux) utilizing sed-
iment temperatures (Bredehoeft and Papadopulos, 1965; Hatch et al., 2006; Keery et al., 2007; 
McCallum et al., 2012; Schmidt et al, 2007; Stallman, 1965; Suzuki, 1960). These methods pro-
vide a flexible and relatively simple alternative to the traditional techniques of seepage flux quan-
tification (Lien and Ford, 2014).

The general differential equation for anisothermal flow of an incompressible fluid through 
isotropic, homogeneous porous medium was defined by Stallman (1963):

Where:
T  = temperature at any point at time t (°C),
ρf cf  = volumetric heat capacity of the fluid (J m-3 K-1),
ρfs cfs = volumetric heat capacity of the saturated porous medium (J m-3 K-1),
kfs  = thermal conductivity of the saturated porous medium (J s-1 m-1 K-1),
x, y, z = distance along Cartesian coordinates (m),
qx, qy, qz = components of fluid velocity in the x, y and z direction (m s-1), and
t  = time (s).

Analytical models for (quasi-) steady-state temperature and flow conditions are briefly dis-
cussed and applied here. If steady-state conditions cannot be assumed, transient methods are de-
veloped (e.g. Hatch et al., 2006; Keery et al., 2007). For 2D and 3D solutions, numerical modelling 
can be applied. Numerical modelling within the scope of this thesis has been limited to hydraulic 
flow modelling and did not include thermal flow modelling. It is recommended that further re-
search to determine better quantification of in-situ degradation speeds, includes integrated nu-
merical modelling of transient groundwater flow, soil- and groundwater temperature, linked with 
hydrogeochemical modelling of redox processes.

Below the transient zone of diurnal oscillation (here considered the soil temperature at the 
groundwater level) is the zone of quasi-steady-state conditions where temperature variation is less 

isotropic, homogeneous porous med
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pronounced with increasing depth. This depth zone coincides with the zone of seasonal variation 
(Lapham, 1989). Figure 80 shows that real steady-state conditions of the temperature flux during 
the year do not exist. Anibas et al. (2009) have shown however that one may minimize the in-
fluence of non-steady-state conditions by selecting periods of record during which temperature 
oscillations in surface water (or here temperature at groundwater level) are near a maximum or 
minimum. It is assumed that both the soil temperature flux and the groundwater flow flux are in 
approximate steady state conditions during periods where oscillations of the groundwater tem-
perature at the groundwater level are near a maximum or minimum. For this case, one-dimension-
al (z), steady state flow of heat and groundwater, the equation above (Stallmann, 1963) is reduced 
to the following differential equation (Bredehoeft and Papadopulos, 1965):

For vertical groundwater flow between two finite boundaries with constant temperature, the 
analytical solution is given by Bredehoeft and Papadopulos (1965):

Where:
T0  = sediment temperature at the surface or at reference depth (°C),
Tz  = sediment temperature at depth z below surface or reference depth (°C),
TL  = sediment temperature at depth L below surface or reference depth (°C).

The above solution requires at 3 temperature measurements at different depths. Based on 
the assumption that both heat and groundwater flow flux are in approximate steady state condi-
tions, the groundwater flux (qz) can be calculated iteratively. Here, the volumetric heat capacity of 
groundwater (ρf cf) is estimated to 4.19x106 J m3 K-1 (Schmidt et al, 2007). The thermal conductiv-
ity of sediments (kfs) will depend on grain size, as well as the degree of contact between sediment 
grains that is qualitatively described by porosity. It may be expressed as the weighted sum of 
thermal conductivities of all components (De Vries, 1963). The composition of saturated organ-
ic archaeological deposits varies, with a mixture of organic material, clay, silt and sands, each 
component with a significantly different thermal conductivity. De Vries (1963) reports a thermal 
conductivity for soil organic matter of 0.25 J s-1 m-1 K-1. Arriage and Leap (2006) state that thermal 
conductivity typically ranges from 0.86 J s-1 m-1 K-1 for saturated clay and silts to 1.68 J s-1 m-1 K-1 
for saturated sands and gravel. Here, kfs is estimated to 0.86 J s-1 m-1 K-1 for archaeological depos-
its. Table 23 shows the results for a selected number of observation times at which the groundwater 
temperature of the upper sensor in TG1 (+0.54 m asl) is at a maximum or a minimum.

By application of this relatively simple analytical method, the average vertical groundwater 
flow rate at TG1 is estimated to be around 1.5 cm per day. Increase of the estimated thermal con-
ductivity (kfs) of the saturated archaeological deposits will lead to a calculated higher flow rate. 

reduced to the following differe
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E.g. increasing the thermal conductivity to 1.5 J s-1 m-1 K-1 will increase the average groundwater 
flow rate to 2.7 cm per day.

Figure 80 also shows the effect of seasonal variation, with 2014 being warmer than 2013. 
However, no differences in heat transport between 2013 and 2014 are observed.

Figure 81 gives depth profiles of TG0 and TG1 for a selection of dates along the time series of 
Figure 80 and median groundwater temperature as well as the 5- and 95-percentiles observed in 
monitoring well MB13. Profile TG0, closest to the sheet piling, shows lower temperatures at sim-

ilar dates during the autumn and winter 
season.

The groundwater temperatures in 
monitoring wells prior to mitigation 
showed a strong gradient towards the 
redeveloped area, with highest tempera-
tures close to the sheet piling and with-
in the former building pit, likely caused 
by heat flow from the relatively warm 
underground parking. Both the median 
groundwater temperatures between 2 
similar 2-year periods and the quartiles 
thereof in the monitoring wells at and 
close to the redeveloped area have been 
reduced by up to 2 °C. The seasonal 
variation has also been reduced strong-
ly. The positive temperature gradient 
towards the redeveloped area is still 
present, but strongly reduced. Whether 
this is partly or completely caused by 
the hydrological barrier or by changes in 
the heat source is still uncertain. In the 

same period that the hydrological barrier was established, the hotel management carried out mea-
sures to increase energy efficiency, which may have reduced the temperature in the underground 
parking (pers. comm. Vital AS).

The soil temperatures measured near the sheet piling are approximately 2 °C higher than at 
other monitoring locations in Bryggen (Vorenhout, 2015). Comparison of two depth profiles with 
about 0.50 m distance perpendicular to the sheet pile shows that at shallow depths, the soil tem-
perature closest to the sheet piling is colder during winter than the soil temperature about 0.5 m 
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Figure 81: Temperature-depth profiles for selected dates in TG0 
and TG1 (De Beer et al, 2016).

Observation time T
0
 (°C)

at +0.54 m asl
T

z
 (°C)

at -1.31 m asl
T

L
 (°C)

at -5.25 m asl
q

z
 (m/sec.) q

z
 (cm/day)

September 20, 2013 (max.) 13.94 11.61 10.90 1.60 10-7 1.38

February 25, 2014 (min.) 8.49 10.70 11.40 1.55 10-7 1.34

August 11, 2014 (max.) 16.08 12.51 11.48 1.65 10-7 1.43

February 2, 2015 (min.) 9.10 11.60 11.90 2.25 10-7 1.94

Table 23: Estimated vertical groundwater flow based on temperature measurements at TG1.
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further away from the sheet piling. The exact reason for this remains unclear, but some causes can 
be hypothesized. A first hypothesis can be that the sheet piling acts as a conductor in the shallow 
subsurface, transporting cold deeper into the top soil than in undisturbed conditions. During 
summer, the temperature gradient between air and soil is less prominent and both depth profiles 
show similar soil temperatures with depth. A second hypothesis is that the temperatures inside 
the organic deposits might be elevated by the decay process itself, which generates heat (Hollesen 
et al., 2015). 
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