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Summary:

On request from Riksantikvaren in Norway, the composition of 28 groundwater samples from
dipwells at Bryggen in Bergen are presented and commented on. The main focus is on the spatial
and temporal variation in the composition, and the implications for the preservation conditions for
the cultural layers below Bryggen.

The data confirms and refines the conceptual model for groundwater chemistry and —formation
earlier established for the Bryggen area (de Beer & Matthiesen, 2008). It is confirmed that there is a
distinct correlation between the depth and the composition of the water in the cultural layers, and
this has now also been shown for methane. Thus, the deeper the water intake, the more stagnant
conditions and the less dilution with rainwater is observed. Samples from the natural deposits
beneath the cultural layers indicate that groundwater flows from the archaeological deposits and
downwards, which means that the archaeological deposits themselves are hardly influenced by the
water composition found underneath. Near the quay front there is an input of seawater to some of
the cultural layers, which may give a substantial decay of organic material by sulphate reduction
(Matthiesen, 2008a). Dipwells MB19 and MB20 under Slottsgaten 1 (north-west of the hotel) have
been sampled for the first time, showing a high temperature and a high iron content compared to
other dipwells on Bryggen.

The ground water data from May 2008 are compared to results from earlier sampling campaigns in
2002-2007. Generally there is only modest temporal variation in the water composition. The
exceptions are dipwells MB5, MB9 and MB11 showing very dynamic conditions, which is in
correspondence with earlier observations. MB6 shows some variation, which is surprising and
should be confirmed.

The data may be further evaluated in a combined hydrological-geochemical model. Future
monitoring should be based on automated loggers as far as possible. Future sampling should focus
on the harbour front area, near the sheet pile and possibly under Slottsgaten 1, analysing only a few



chemical species in the samples. Next full sampling in all dipwells and analysis for all chemical
species should take place in 3-5 years time.
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Appendix 1: Results from chemical analysis of groundwater from May 2008, and observations
made during sampling



Introduction

At Bryggen in Bergen the buildings and their foundations are presently being restored. In this
context the state of preservation and possible threats against the cultural layers underneath the
buildings are discussed. The measurement of high settling rates of the soil surface at several places
in the area has made this discussion even more relevant (Jensen, 2007).

A total of 31 dipwells have been installed around the Bryggen area since 2001 to allow the
measurement of groundwater level/pressure and to take water samples for the evaluation of
preservation conditions. In 2002 water samples were taken from the first two dipwells, and in June
2005 simultaneous sampling was made in the 14 dipwells installed at that time. The results were
discussed in terms of how they represent the preservation conditions (Matthiesen, 2006) and
presented in a scientific paper (Matthiesen, 2008b). In April 2007 a partial sampling covering 9
dipwells was made, and the results were included in de Beer & Matthiesen (2008). Most recently, in
May 2008, a simultaneous sampling was made in the 31 dipwells that are present today, resulting in
28 water samples. The National Museum of Denmark has been contracted by Riksantikvaren to
interpret the results and to evaluate if they indicate a change in the preservation conditions in the
cultural layers below Bryggen.

Site and methods
An overview of the dipwells installed from 2001 to 2007 is presented in Figure 1.
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Figure 1: Map of Bryggen, showing the position of the different dipwells. The quay front is at the lower left corner of
the map. Graphics: Hans de Beer.



The drillings are described in a number of reports by Rory Dunlop from NIKU (archaeology and
state of preservation); Jann Atle Jensen from Multiconsult (geotechnical properties); Hans de Beer
from NGU (hydrology) and Henning Matthiesen from The National Museum of Denmark
(preservation conditions). The dipwells consist of a long tube, which is perforated at the lower one
to several meters, to allow water to enter. The position and water intake of the different wells are
described in Appendix 1 and a profile of the area is shown in Figure 2.

| Sea Old seabed
1 Modern fill -] Sand, stone, moraine 20
Archaeological deposits EZ Bedrock 55
>
- - [}
| Filter of dipwell A= i
a
al 8o -5 ©
-
2
FBI 5 14 0 "=
2 B' 2(,'2011 lis sl 1312 =
12 .N27 5’||4 l; -5 ab
- oc.u—;
f -10 -
0 50 TﬁO 1;.50 260

Distance from harbour (m)

Figure 2: Profile perpendicular to the quay front showing the filters from the different dipwells on Bryggen. The depth
and extent of the different soil strata is only sketched — in reality the depth to the natural deposits varies considerably

across the area.

Water has been sampled from the dipwells on several occasions from 2002 to 2008. All sampling
has been made by Multiconsult AS avd NOTEBY, except for a partial sampling in April 2007,
which was made by Hans de Beer, NGU.

The first sampling phases in 2002 showed problems with pollution by oxygen during the sampling,
as described in Matthiesen (2003). A methodology has thus been developed to avoid these
problems: The dipwells are emptied (purged) before the actual sampling to ensure that fresh water
from the cultural layers is sampled. The purging takes place under argon gas flow to avoid oxygen
uptake when the water trickles into the emptied dipwell. The water samples are filtered and
conserved in the field (0.45 um Gelman high capacity in-line filter) in order to distinguish between
the dissolved and particulate content of the different species.

In 2008 pH, conductivity, oxygen content and temperature were measured in the field. Special
attention was given to the samples for methane measurements — this gaseous analyte can easily
escape during the sampling, so an in-line sampling directly into evacuated bottles was made,
according to the instructions from the laboratory.



The samples were sent to the laboratory for a detailed groundwater analysis, covering pH,
conductivity, alkalinity/bicarbonate, salt (sodium, chloride), nutrients (ammonium, nitrate,
phosphate), redox active species (oxygen, sulphate, nitrate, nitrite, dissolved iron, dissolved
manganese, sulphide, methane), and other major ions (calcium, magnesium, potassium). In the later
sampling campaigns Eurofins in Denmark has made the analyses, as they offer this standard
package with a good analytical quality and at a reasonable price.

Results

Observations made during the sampling and all results from the laboratory in 2008 are listed in
Appendix 1. The full observation schemes and laboratory reports are available on request as .pdf
files. A graphical presentation of the data from May 2008 is given in Figures 3-8, along with time
series for the dipwells where there are multiyear data. Results from the first samplings (February to
May 2002) are not presented here, as they are discussed in detail in Matthiesen (2002) and as the
sampling was made in a slightly different way. No data are given for MB8 or MB21 as the dipwells
were empty at the time of sampling. MB3 was removed because it had been placed through a sewer,
and no dipwell has been appointed the name MB15. Other gaps in the data series are due to the
concentrations being very low (in some cases even below the detection limit of the method), or
because the parameters were not analysed in some of the sampling campaigns (which is then
mentioned in the legend).
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Nutrients:
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Figure 4: Concentrations of ammonium (NH,"), nitrate (NO5") and phosphate (PO,) in the dipwells in May 2008 (upper



Oxidants:
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Figure 5: Concentrations of different oxidants in the dipwells in May 2008 (upper diagram) and as time series (lower 2

diagrams). Oxygen wasn’t analysed in May 07, and in May ’08 there is a systematic pollution or bias of approximately

0.02 mmol/L. For results in mg/L the numbers in mmol/L must be multiplied by 32.00 for oxygen, 14.01 for nitrate (to give

mg N/L), and by 96.06 for sulphate (to give mg SO,*/L)
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Reduced species:
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Figure 6: Concentrations of different reduced species in the dipwells in May 2008 (upper diagram) and as time series (lower
2 diagrams) — NH," is shown in Figure 4. For results in mg/L the numbers in mmol/L must be multiplied by 54.94 for
manganese, 55.85 for iron, 32.06 for sulphide (to give mg S/L), and by 16.04 for methane (to give mg CHy/L). Sulphide
wasn’t analysed in Apr. 07, and in May "08 the results for MB2, MB9, MB12 and MB24 were reported as “too high” for
the analytical method applied. Methane was only measured in August *03, June *05 and (with a dedicated sampling
technique to avoid loss) in May ‘08. No sample was taken for methane or sulphide from FB1 (3.0 m) in May ‘08.
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pH and bicarbonate:
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Other major ions:
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Figure 8. Concentrations of potassium (K"), calcium (Ca*"), and magnesium (Mgzi') in the dipwells in May 2008 (upper

diagram) and as time series (lower 2 diagrams). For results in mg/L the numbers in mmol/L must be multiplied by 39.10 for

potassium, 40.08 for calcium, and by 24.31 for magnesium. Magnesium wasn’t analysed in June and August ‘02.
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Discussion

The ground water sampling is a cornerstone in the monitoring programme at Bryggen. After the last
major sampling campaign in 2005 it was demonstrated how the groundwater chemistry reflects the
preservation conditions (Matthiesen, 2008b;Matthiesen, 2006) and the picture was refined by a
partial sampling in 2007 (de Beer & Matthiesen, 2008). The first samples were taken in 2002, and
with the new sampling in 2008 there are now time series of 7 years for some of the dipwells. This
makes it possible to see whether the ground conditions are stable or changing over time.
Furthermore, the increased number of dipwells in the area has made it possible to evaluate whether
the first models of the groundwater formation and -chemistry are still valid or need to be modified.

Analytical quality

The comprehensive analyses of the water samples allow us to make different checks on the
analytical quality: For instance, all water samples must be electrically neutral — this is checked by
summing up all the positive ions and all the negative ions to see if the positive and negative charge
is equal. From the concentrations of the different ions it is also possible to calculate a theoretical
conductivity and compare this with the measured conductivity. Finally, there are several chemical
“rules” that for instance allow us to compare the results for all redox active species.

These tests have been made for all the dipwells, and generally show that the results are consistent,
giving good confidence in the data. However, there are also a few exceptions where there is some
doubt about the quality of some results:

- There is a large electrical imbalance for dipwells MBS, 14, 19, 20, 27 and FB1 (3 and 6 m). It
hasn’t been proved yet what is the cause of this imbalance, but it can for instance occur if the
samples for some of the species are oxidised or if calcium carbonate (or other solids) precipitate
before the analysis takes place.

- The oxygen measurements in 2008 were made inline, but there still seems to be a systematic
pollution (or a blind value of the instrument) of approximately 0.02 mmol/L (0.5 mg/L)

- The methane results in 2008 are much higher than in earlier sampling campaigns. Methane (CHy)
is difficult to sample because it escapes very easily as a gas, but in 2008 special attention was given
to the procedure, using an in line sampling method where water was sampled directly into
evacuated bottles. The 2008 results are thus considered realistic, whereas the earlier results are
considered too low.

- The multilevel well FB1 consists of 6 piezometers at different depths, connected to the surface by
a thin tube. Sampling is made by suction, which may influence the results for gaseous components
(such as oxygen, sulphide and methane). Sampling may be slow, which means that the water
temperature may also be biased (i.e. the water has sufficient time to equilibrate its temperature with
the surroundings before the temperature is measured).

- The high Mg2+ content reported for MB14 in June 05 has earlier been questioned (Matthiesen,
2006), and the renewed sampling in 2008 seems to verify that the 2005-results were unrealistically
high (Figure 8). Furthermore, the possible exchange of CI" and NH," contents in dipwells MB6 and
7 in 2005 (discussed in Matthiesen, 2006) has now been verified.

- The correlations between the species NH," K, Ca* - HCOj", and NH4" - HCOj5™ observed for the
2005 samples (Matthiesen, 2008b) are also present for the 2008 samples (not shown).
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Temporal variation

Temporal variation in the chemical composition of ground water can have different time scales:
Short term variations (daily or weekly) can for instance be due to dynamic conditions where the
dipwell is directly influenced by precipitation or tide level. Medium term variation can for instance
be due to seasonal changes. Finally, long term variations (over several years) may indicate a more
permanent change in the conditions at the site. The difficult task is of course to differentiate
between these types of variations and find out if there is a permanent change in the preservation
conditions at Bryggen.

The temporal variation is best observed with automated loggers that make continuous
measurements of different analytes. Between 2003 and 2005 an automated oxygen logger was used,
that was moved between dipwells MBI, 2, 3, 5, 6, and 7 (Matthiesen, 2005). This showed that there
was a fast (daily) variation in the oxygen content and temperature of dipwells MB3 and MBS5,
depending on the precipitation. This is interpreted as fresh rainwater flushing through the deposits
around the logger. In the period 2006-2008 Hans de Beer from NGU installed automated loggers for
water table and temperature in 12 dipwells (MB2, 7, 11, 13, 16, 17, 18, 21, 22, 23, 25 and 26). Out
of these MB11, 21 and 26 show short term (daily) temperature variation of a few degrees (de Beer,
2008) which indicates dynamic conditions around the logger. MB13 and 16 show daily temperature
variation of a smaller magnitude.

As for the medium term variation, all loggers show seasonal variation in the temperature, which
vary between 1 and 4 degrees over a whole year in the different dipwells. It is not possible to
evaluate any long term variation from the loggers yet, as they have only been installed for
approximately 1%z years by now.

Regarding the chemical analysis, repeated groundwater sampling has been made in dipwells MB1,
2,4,5,6,7,9,10,11, 12, 13, 14, 16, 17, 18, 22 and 23 (Figure 3-8, lower diagrams). Dipwells
MBI1 and MB2 were sampled already in 2002, and the rest of the dipwells were included in the
program as they were installed. Most of the dipwells show a relatively low variation in the water
composition over time, even if the number of samplings is not yet sufficient to prove that the
conditions are “stable™. On the other hand, MBS, 9 and 11 show a distinct variation in the water
composition, and some variation is observed in MB6 and 2 as well:

MBS changes radically over time: In August 2003 there are anoxic conditions (Figure 5 + 6) and the
salt and nutrient contents are similar to what is found in most dipwells. In June 2005 and April
2007, on the other hand, there are oxic conditions with high nitrate concentrations and a very
“diluted” sample similar to rainwater. In May 2008 there are anoxic conditions again, and with a
higher salt content. This picture fits well with the observations from loggers, which show very
dynamic conditions where the water type changes weekly or daily depending on the amount of
precipitation (Matthiesen, 2005).

MB9 changes regarding the salt content, which is almost double as high in May 2008 compared to
June 2005 (Figure 3). Again this is a dynamic dipwell very close to the soil surface, where the
actual composition of the water will reflect the mixture of seawater and freshwater in the small
pond that is present around the dipwell inside building VIIIa. A study by NIVA using automated
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conductivity loggers showed how the salinity at the bottom of the dipwell varied between 8 and 17
PSU within just a few days (Golmen, 2005).

MB11 shows a high variation in the SO,*, HCO5", Ca**, NO5™ and Fe** content (Figure 4-8), and the
conditions vary between oxic to slightly reducing. This fits well with results from the automated
logger showing dynamic conditions where the temperature varies on a daily basis depending on the
precipitation.

There is thus a good correspondence between the results for the chemical analysis and the
automated loggers, and for MBS, 9 and 11 the variations are due to dynamic conditions on a daily
timescale. All of these dipwells are placed in what we may call the “outskirts™ of the cultural
deposits (MB11 at the back of Bryggen, MB9 in the top of the deposits at the harbour front, and
MBS right next to the sheet pile).

Some variation is also indicated by the chemical analyses in dipwells MB6 and 2. Here the
automated loggers only show quite small (less than 0.5 degrees) short term variations in the
temperature.

At MB2 there is a temporary change in August 03 with a decrease in Na', CI', NH,", Ca2+, K" and
HCOj5™ and an increase in pH and S0,%. Some NOj5 is found as well. It is difficult to relate this to a
specific event near MB2, but in principle an intrusion of rainwater could give a similar fingerprint,
except maybe the increase in pH.

At MB6 there is a 30-50% decrease in the content of Na*, CI, NH,", Ca®*, and HCOj", and an
increase in SO4*" and Fe?" in 2008 compared to earlier measurements. This is about the same picture
as seen in MB2 in August "03. The change is a bit surprising as MB6 has hitherto been considered
representative for the most stable or stagnant conditions at Bryggen. However, only 3 samples have
been analysed until now and it is too early to say if this is a permanent change. It may even be the
same temporary event as observed at MB2 that has now moved through the deposits and reached
MB6.

Overall the data do not indicate any systematic deterioration or improvement in the preservation
conditions during the monitoring period for the dipwells investigated. It must be emphasized,
however, that we do not yet have multiple samples or logger data from all dipwells in the Bryggen
area.

Spatial variation

The spatial variation in the groundwater composition is shown in Figure 9 (major ions) and Figure
10 (redox sensitive species), where the data are projected onto a vertical profile perpendicular to the
quay front. The spatial variation in the horizontal plane is shown in Figure 11.
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Figure 9: Major ions from water samples, May 2008. Unit is mmol/L (not meg/L). The diameter of the circle represents
the total amount of ions on a logarithmic scale — thus MB9 contains 485 mmol/L compared to only 8 mmol/L at MB5.

The depth and extent of the different soil strata is only sketched — in reality the depth to the natural deposits varies
considerably across the area.
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Figure 11: Horizontal distribution of major ions (upper map) and redox sensitive species

(lower map) in groundwater samples from May 2008.

The spatial distribution of different chemical species in the groundwater has already been discussed
in previous papers (de Beer & Matthiesen, 2008;Matthiesen, 2008b;Matthiesen, 2006). Here a
preliminary “conceptual’” model for the groundwater-chemistry and —formation based on the mixing
of three types of water (rainwater, seawater and stagnant water) was presented. However, the model
was based on a smaller number of dipwells, which were mainly placed within the archaeological
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deposits. Since then more dipwells have been installed beneath the archaeological deposits and at
the harbour front (de Beer & Matthiesen, 2008;Matthiesen, 2008a). This leads to a minor
adjustment of the conceptual model, as we may now also include the natural deposits underneath
with a contribution of groundwater from the bedrock/natural deposits (Figure 12).

Rainwater with

Seawater with Na*, CI, :
0,, NO;

SO >, Mg*, K*

Stagnant waler. Wilh
HCO., NH, . K, G
S, Fe?*, Mn?*, CH,

ater from bedrock/natural "deposits

Figure 12: Conceptual model of the groundwater flow and —development at Bryggen. Updated from Matthiesen (2008b)

The seawater influence is dominant in MB9, MB24, MB26, MB27 and to some extent also FB1
(1.5, 3.0 and 4.5), all placed in the upper soil layers at the harbour front. The water in the dipwells is
characterised by a high (and probably varying) salt content, including the ions Na', CI, SO4%, Mg**
and K™, These dipwells, and the possible effect of sulphate reduction at the quay front, are discussed
in detail in Matthiesen (2008a). The preservation conditions are considered poor in this area due to
sulphate reduction, but the exact extent needs to be better investigated, amongst others by
conductivity loggers and frequent water sampling for CI” and SO4*" analysis.

The rainwater influence is most clearly seen in MBS and MB11 (both showing very dynamic
conditions) and to some extent also MB7 and MB22, but rainwater will also “dilute” the stagnant
water when it penetrates into the deposits. The rainwater contains some oxygen and NOj3", which
may oxidise a small amount of organic material in the soil. MB11 also contains surprisingly high
concentrations of sulphate, which must have a non-marine origin, considering the position of MB11
high above the sea.

The stagnant water is found in its “purest” form in MB6, but also MB1, MB2, MB4, MB7, MB10,
MB12, MB13, MB14, MB16, MB18, MB19, MB20 and FB1 (6.0 and 7.5) are considered
belonging to this group, showing different degrees of dilution by rainwater. MB26 and MB27 have
some of the same characteristics, but are diluted by seawater. The water in the dipwells is
characterised by Ca2+, HCO5", NHy", CH, as well as other reduced species. The preservation
conditions are considered good in this region.

Finally, the “natural deposits” are reached in MB17, MB22, MB23, MB25 and FB1 (9.0). The
chemical “signature” found in these dipwells is quite similar to what is found in the stagnant water
above, only is it more diluted. This may be explained by a downwards flow of the groundwater
from the archaeological deposits and dilution by water with a low ion content running through the
rock /natural deposits (de Beer, 2008). The downward flow direction means, that the groundwater
from the natural deposits will hardly influence the preservation conditions in the overlying
archaeological deposits.
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The depth distribution of selected parameters: bicarbonate (HCOj3') and methane (CHy) is shown in
Figure 13. Both species may come from the decomposition of organic material.
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Figure 13: Depth distribution of bicarbonate (left) and methane (right) in May 2008. The different colours refer to
dipwells influenced by seawater, rainwater, stagnant water, and natural deposits. MB4 may be influenced by an
increased ground water flow next to the sheet pile, and the methane measurements in FB1 may be biased by the
sampling procedure (sampling is made by suction in this multi-level well, which may give a loss of the volatile
methane)

The increasing concentration of bicarbonate with depth has earlier been discussed in de Beer &
Matthiesen (2008). It indicates a groundwater formation process where groundwater slowly
percolates down through the soil layers, gradually picking up bicarbonate (and other ions) from
decaying organic material or from dissolution of carbonates. In the natural sediment (blue points)
there is an increased mixing with diluted (possibly younger) groundwater from the permeable sandy
sediments.

As for the methane, there has been special focus on the sampling procedure in 2008, resulting in
significantly higher values than at earlier sampling campaigns (Figure 6). Methane production takes
place in the most reduced zones, where all other oxidants have been used up. It is either linked to
fermentation of acetate (CH;COOH -> CH;4 + CO,) or reduction of CO; by hydrogen (CO; + H, ->
CH4 + 2H,0). There is a good correlation to the depth of the dipwell, except for the dipwells placed
in the natural deposits. Methane may migrate upwards as a gas, but the compact nature of the
archaeological deposits allows high concentrations of > Immol/L to build up.

The horizontal distribution of the major ions (as shown in Figure 11, upper map) indicates that the
highest salt concentrations are found at the quay front towards the south-eastern side. As for the
redox sensitive species (Figure 11, lower map) it is striking that very high concentrations of Fe** are
found at MB19 and 20 on the western side of the hotel. These dipwells are placed underneath a
building (Slotsgaten 1), which was built on concrete piles in 1916. In 2005 additional piles (of steel)
were installed during restoration of the building, and a monitoring program was initiated. At this

21



point it cannot be excluded that the increased Fe** concentration are connected to corrosion of the
steel piles, but we have no data from before the restoration to confirm this theory.

Dipwells MB19 and MB20 also stand out in terms of the temperature of the groundwater (Appendix
1), which was 17.8°C in MB19 and 16.3°C in MB20 at the time of sampling. For comparison the
other dipwells on Bryggen showed temperatures of 8-13°C (FB1 showed temperatures of 14-16 °C,
but this could be due to a slow sampling). The building on Slotsgaten 1 has a cellar down to 0 m asl
and the high temperature in the dipwells is probably due to heat transport from the cellar and
downwards. The exact effect on the preservation conditions cannot be estimated yet.

Conclusion and recommendations

A comparison between 28 groundwater samples from Bryggen has been presented.

The results from the chemical analyses are generally consistent and considered of high
quality, showing that the sampling methodology and analyses are adequate

The results have confirmed and refined the earlier established conceptual model for
groundwater chemistry and -formation

The preservation conditions at Bryggen are considered good, except in the upper soil layers
at the harbour front and near to the sheet pile. The preservation conditions beneath
Slottgaten 1 need to be further evaluated.

There are no signs of changing preservation conditions during the monitoring period, as only
minor temporal variations are seen when comparison is made to samples from 2002-2007

Future work with groundwater sampling should include

The data should be further evaluated in terms of a combined hydrological-geochemical
model

Logging of the salinity and frequent sampling for chloride/sulphate content should be made
in dipwells at the harbour front to further evaluate the extent of sulphate reduction

Logging of the redox conditions (oxygen content) should be made in dipwells near the sheet
pile. This will provide reference data to evaluate the effect when the drainage from the hotel
is stopped

Logging of the temperature could be relevant beneath Slottsgaten 1, in order to document
the effect of building upon cultural deposits

Special attention should be given to MB6 to see if the changed composition in 2008 is only
temporary.

New samples should be taken in all dipwells in 3-5 years time
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Appendix 1

Results from chemical analysis and observations made during sampling of water 19-29 May 2008.
Results are given by the laboratory in mg/L, but have been recalculated to mmol/L using the molar
weights given in the table.

Reports from the laboratory (Eurofins) and the water sampler (Multiconsult) are available upon
request.
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