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Abstract

This study focuses on the local lime traditionhe tegion of Jamtland, in central Sweden. Loca¢limas used
when building the medieval stone churches and shmegare in a need of restoration there is sulsgtua
need for understanding the use of local lime. Té@agy of JAmtland contains several layers of [ in the
folded mountains. There is a broad spectrum ranfgorg pure Silurian limestone to clay containingd®vician
limestone, giving all kinds of lime from pure aimk to strong hydraulic lime. The preserved histonortars
have mostly been made with the hydraulic lime. &#vad field kilns have been preserved in the $btand-
scape as prehistoric monuments, showing the mddieédocal lime burning tradition. This paper disses the
process of identifying the historic lime kiln congttions and their burning technique. It also diéss the pro-
cess of slaking this hydraulic binder in order toduce a lime mortar with workability and compditiire-
quired from a restoration mortar. Newly-producechgkes of lime mortar have been compared with histor
ones in thin section microscope for further undarding.
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1. Introduction

Oviken old church in Jamtland, Sweden was congttuaiith local limestone and lime mortar during sele
centuries. Now that there is a need of restoriegctiurch a discussion regarding the use of locad took place.
The project was initiated by the Swedish Churctplving the local museum with a Conservation Offiaad

an Archeologist plus a research team from Gotlaniyéssity and Gothenburg University specializedirime
burning and lime mortars.

This paper shows the process of producing loca lima small scale for a single object; from anialgzhe
historic mortars, finding local limestone suitalide burning and slaking, inventory of field limdrks, burning
lime, slaking and mixing mortars.

Jamtland is a county in the middle part of Swedaene the Scandinavian mountains form the landscape.
There is limestone originating from both the Oraiam and the Silurian period around the lake Séordjn the
same village there have often been small quami@sore than one limestone layer with the effect there are
lime mortars with very different properties exisgfian the old stone churches.

The oldest stone buildings constructed with loiraklare the churches of Hackas and Norderdn fron@-11
1180". Field kilns were then used in Jamtland with cauitiy until the 1920's (Asling 2000). There is dque
situation in Jamtland since several old field kilrsn the 18 century still remains around in the forests, see
figure 2. Several of them were built and never bdgrfor unknown reasons. 143 remaining lime kilresragis-
tered as ancient monuments in the area (Fornmiegissret). The positions of some of them are ithted in
figure 1.
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Figure 1: Bed-rock map of Jamtland combined withrmains of lime kilns found in
Jamtland marked with yellow dots (SGU 1980/Fornresregistret, Persson 2012)

Figure 2: lllustration of a field kiln of Jamtlamdodel (Asling 2000). Unburned field kiln built ihe late 18
century still standing in the forests of Ase. Navsicovered with moss but originally it was noveced.

2 Methods

The project started in Oviken old church with avehstudies and analysis of the old mortars availabthe
church and its surrounding wall. The archives lifdrmation about the building history of the chlur@nd also
about different materials that have been used dutiffierent restorations (Persson 2010).

The old mortar samples, as well as the newly-predwmes, where analyzed as thin sections with ssZei
TM Polarization Microscope.

The remaining lime kilns in the area were studied eompared to other field kilns in Sweden. Looak+
stones were burned, first in a small lime kiln atlé&nburg University and then in a field kiln attaod Uni-
versity in order to locate a proper stone for bogrin a field kiln of local type. A small field kilwith two fire
passages was built with limestones from two quaiirieMay 2011, and burned during 80 hours withtbinmod
(Persson 2012).

During a workshop in July 2011 the lime was slakatked with sand and used as a mortar for restaing
part of the wall surrounding Oviken old church, figare 3. Both dry slaking and wet slaking methedse
used. When being slaked, the burned limestone \@asg inside in an oil drum (Eriksson 2012). Wherimg
mortars for test surfaces, an electric stirrer ispiged for mortar were used. The mortars were #ygplied with
a trowel and their surface texture was made adasinai the old surfaces as possible. The workatidlitthe
mortars was the most essential property in theysand the discussion and dialog between the maswhsci-
entists was essential when evaluating of the result
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Figure 3: Mortars are applied with a trowel onte tiall. Old mortars can be seen as the white ahowish
surfaces in the picture.

3 Materials

Old mortars from the area were analyzed in ordshtiw different parameters such as type of limee tyf sand
and mixing ratio between lime and sand. The moxarse from Oviken old church and its surrounding esad
from Sunne church ruin. The mortars were mostyifedm the 15th to the 17th century. They were exiely
fat (rich of lime) made from local hydraulic lime.

Figure 5: Old lime mortars in Oviken. The oldestrtacs are extremely lime rich with a yellowish aolo

Because of the complex geology in Jamtland andattmation of foulded mountains the limestone layames
found in many different small deposits in the aaeaund Storsjon as well as in the mountains. Trhedtone
existing in Jamtland is of many different charagtérom the early and middle part of the Ordovigmmiod and
from the oldest part of the Silurian period, sggife 6. There are all kinds of limestones rangingifalmost
pure limestone (98 % CaGthat gives air lime mortar to limestone contagnatay minerals (more than 85 %
CaCQ) giving strong hydraulic mortar. The stone frora Bilurian period is called Berge limestone andsizin
of more CaC@than other limestone in the area. The stone ftwrQrdovician period studied in this project is
called Is6 limestone and often consists of app®0x% CaCQ. Ancient remains of lime kilns are preserved all
over the landscape showing that most kind of BargeIso limestone have been burned at one time.

The limestones burned in this project were choeesdveral different reasons. The types of limestvail-
able in the surroundings of Oviken were the int@mgsones to study. It is the Is® limestone from @rdovician
period that exists in the Oviken region. Analysiimestone samples from the surroundings of Ovikeows a
CaCQcontent of 79-92 %, the samples also containsroiagrals, see table 2 (Shaik et al 1989). The lime-
stones in this study were taken from open quamidgéimtland were such certain types of limestone \agaila-
ble; Naversjébergnorth of Storsjon anMarieby, east of Oviken.
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Rodesandsten
Rode Formation

Ekebergsgravacka
Ekeberg Greywacke Formation

Bangasenskiffer
| Bangasen Shale Formation

= Bergekalksten
Berge Limestone Farmation

Edekvartsit och Kyrkdskvartsit
Ede Quartzite and Kyrkds Quartzite formations

Kogstaskiffer
| Kogsta Siltstone Formation

Andersoskiffer
Anderson Shale Formation

Follingegravacka
Féllinge Greywacke Formation

ORDOVICIUM

Kalksten och slamsten
Limestone and mudstone

| Téyenskiffer
T&yen Shale Formation
¥ .

Figure 6: Part of the bed-rock map around Storsjdléamtland showing the complex geology of theargi
Notice the blue and turquoise colors showing tles@nce of limestone. An x marks where Oviken chigch
situated, y marks Naversjoberg and z marks Marig€b@U 1980)

Table 1: Stratigraphic table of limestone from Jand (Shaik et al 1989). It shows the large vasiatf lime-
stone such as the Siluri&erge,and the Ordoviciakurulund, Slandrom, Dalbyn, furudal, Folkeslundab$,
Segerstad, Holen, Is6n, LanaadLatorp. (Kalkstenis the Swedish word for limestone.)
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Table 2: Chemical composition in the Is6 limestoh®viken.
Samples taken from the early Ordovician layer (Skaial 1989).

Samplenr 85082 85083 85084
Sio, 39 123 44

ALO, 1.02 380 128
Ti02 0.08 0.22 0.04
F8203 135 1.87 0.86
MnO 0.27 0.16 0.23
Ca0O 51.0 43.6 50.3

MgO 045 0.69 0.48
K,0 029 1.06 0.37
NaZO 0.05 0.06 0.03
1:“203 0.08 0.06 0.14
co, 405 349 404

E 0.01 0.02 0.02
S 046 0.49 0.01
Sum 99.46 99.23 98.56

4 Results and discussion

Analysis showed that the old mortar samples frork@vand Sunne were composed of hydraulic limeaand
very small amount of sand. These types of mortaegle from local lime with high lime content, aredcteris-
tic for the medieval lime mortar tradition of Swaddohansson 2006, Balksten 2010, Balksten, MebLig)2
Such extremely fat mortars were used all over Swenhil the mortar tradition of the 18th centurpkaover
(Pasch 1824)Thin sections are made from soft yellow coloredelimortar samples which are extremely hard
and fat, see figure 7. They both contain hydracdimponents, reference material can be found innksioa
(2006) in analysis made by Jan-Erik Lindgvist amadbjorn Seir.

Figure 7: Examples of thin sections made from ieeImortar samples from the old church wall in @viksee
figure 5) and the church ruin in Sunne, Jamtlarte $hown width of each image is equivalent to 4n%. loth
of the analyzed mortars are extremely rich of listigwing almost no sand particles at all. The lisneot pure
CaCQ, it contains some other elements, or impuritibsysng that the lime contains some hydraulic compo-
nents, some are marked with  (lime lump)thydraulic lime) and (burned clay minerals).

The lime kiln built in this project was made withrax of limestone from both Naversjoberg and MayieBince
the reconstruction of the historical proportionghe kiln was the essential task, the stones weamged in size-
order rather than separated in different typeinadstone. The lime kiln was placed in a small s]dpglt with
two fire passages. It was then burned with bircledvduring 72 hours. The temperature in the field Wias
expected to stay at approximately 800-1000 °C teitémperature was not measured. The expected rtatongme
is based on the experience of highly skilled craéts and practical knowledge from the burning fidlds and
small lime kilns in Sweden during ®@entury where temperature have been measuredraitiional methods
such as looking at the color of a piece of iront thanserted into the kiln. Figure 8 and 9 show kiin during
building and burning.
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Figure 9: Lime kiln during the first, second anddiday. On the third day the flames started toobse blue all
over the top of the kiln, giving a signal that thme was burned long enough.

The lime was slaked using two different slaking moels; wet slaking with a small surplus of water dng
slaking with the amount of water that the stone i@lsorb when it was soaked in water for somersgxol he
time was decided by the size of the stones, therpbisn capacity was tested for each type of limest A stone
was placed in water for a short time (10-20 s)liintieases to bubble. It was then divided in twecps, making
it possible to see if the water had reached théecerf the stone. The search for the right consestef the lime
defined the amount of water that was used duriagstking process. The lime that was slaked wasdés situ
with the aim to get stiff lime putty from the wdaking method and dry lime powder from the dry sigkmeth-
od. Some of the participants in the study had \@mg practical experience of lime slaking in leagthe slaking
process to produce lime with good workability. Tinee must not be too stiff or too wet, it shoulddmesy to
mix with sand and it shouldn’t need too much sanorder to make a mortar, according to the anabfsike old
mortar samples from the church. Because of thetlfi@ttthe lime was difficult to slake, hot wated (&) was
used in the slaking process of wet slaking in otdenake it start faster and to be able to contral the slaking
was completed. Many years of testing has shownutinsiaked particles become more frequent in wéirglaf
cold water is used for limestone that is diffidaltslake. For the dry slaking cold water was u3dz lime was
slaked inside an oil drum under small pressure édplacing heavy stones on top of the lid) toichwm-
slaked particles, see figure 10. These slaking austinave been developed during many years of liaking of
a similar stone in Vastergétland, in Sweden at &alturg University (Eriksson et al 2012). By slakihg lime
under pressure it can be used faster without igskimslaked particles that will be slaked after haised. Both
types of quick lime are extremely sensitive whetoines to adding too much water during the wetiistpfro-
cess, giving mortars with inconsistent and hardkedrqualities when it comes to workability. The ambof
water used in wet slaking for similar kinds of lisbene is known to cause extended time for the Imémgepro-
cess followed by lower resistance to degradati@s¢R 1826). Traditional wet slaking (Sjobladh, Etigiem
1750) with a larger surplus of water in the opencasphere have not been used for more than somie stoges
when testing since those limestones proved to ffieudi to slake.
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Figure 10: Lime slaking under pressure in an ainalr The limestone is put in a steel basket witle$iaind
dipped in water for 18 seconds until it ceasesutable. In the wet-slaking method hot water is pihirethe
drum in which the burned lime is poured into. Widey-slaking, the basket is put inside the emptyndrin both
cases a lid is placed on top and a stone is placddp of the lid in order to create a pressurackviminimizes
the loss of energy. This method was created both firactical research and experience but also @idnde-
scriptions regarding how to slake lime.

=

Figure 11: Burned limestone from Marieby; dry-sidRégversjoberg lime in a special constructed diasket;
wet-slaked Marieby lime. The lime from Naversjéberglmost a bit purple-grey when it is slaked canagl to
lime from Marieby that is yellow-brown.

The lime was then used together with local santl wiparticle size of 0-3 mm in different mixingiost The
sand was chosen as similar as possible to theaoltl existing in the historic mortars. Several ssfaces were
made on the wall surrounding the church in orddini a consistency with good workability, mixingtio and
structure similar to the old preserved mortar sasipl

The workability of the lime mortars was differendiin lime that the craftsmen, who came from othgiomres
in Sweden, were used to. Even a very lime rich anatidn’t give the impression to be a very fat raartn the
19" century those kinds of lime were defined as “ratrlifne” rather than hydraulic lime (Pasch 1826nstedm
1869) even though their chemical composition suiggbsit they will give hydraulic lime. When occugias
wet slaked they could be stored for a few daysibtimore than two weeks. They were what the Sweteson
call “short” meaning they were not smooth and doingy to the underlying surface. They were all gudtfficult
to work with. The surface had to be worked witthtiand with a trowel, not with a wooden board.éditise
the lime was “bleeding” to the surface and a liiva fvas created. They were also extremely sensitivéme
and consistency of the mortars when the surfackldmiworked on. All test mortars had to dry oud &ecome
stiff before they were worked on, otherwise theyuldanot harden properly to become durable. In t&de
comparison between the two types of lime is prekrll mixing ratios are presented in volume betwéme:
sand. The local sand needed a lot of lime in ot@@ive what felt as lime rich mortars.
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TABLE 3: Acom
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parison between the slaked lime ofridby and Naversjoberg

Marieby wet-slaked

Marieby dry-slaked

Naversjobeay-
slaked

Naversjoberg dry-
slaked

A yellowish lime, in color very simi-
lar to the original mortars of Oviken
Mixing ratio 1:1 felt like it was
mainly sand. The mortar needed
more lime in order to be able to wor
with. It was difficult to apply by
throwing the mortar with a trowel
since it was in one way sticky and
attached to the trowel too much but
in another way not sticky when at-
taching to the underlying wall.
Tests with mixing ratio 2:1 or 1,5:
proved to work much better but in
order to work the surface it was
essential to wait for the mortars to g
and not to use any pressure on the
tools since the lime then would end
up as a lime film on the surface.
Also 10:1 and 20:1 were tested of]
this kind of lime since analyses of 0|

lime mortars showed such an extrembad set and one had to

mixing ratio. Both were possible to
work with but since they cracked a
lot as they dried out it was essentia
to wait for the cracks to appear be-
fore working the surface with a light

Same color as wet-
k slaked.

It was not as sticky as
the wet-slaked lime.
Mixing ratio 1:1 gave a
mortar impossible to
work with so from the
start more lime had to

| be added. Mixing ratio
1,5:1 gave a mortar tha|
proved to be easier to

etpply. It was not possi-
ble to work the surface
with any wooden tools.
Steel trowels had to be
used for working the

dsurface when the morta

be very light on the
hand to avoid a lime
film on the surface.

hand.

I when applied to the

A brownish lime, darker
than the Marieby lime.
This lime gave more
fat mortars than the
Marieby lime. Mixing
ratio 1:1 was possible t
work with. It could not
be described as sticky
but it hardened faster

wall. Already after a
day it became very
hard.

To make a good adhe
sion between the wall
and the mortar, stiff

r mortar was brushed int
the surface of the stone
before a layer of mortar|
was thrown on. Other-
wise the mortar would
roll off the wall imme-
diately.

The dry-slaked
Naversjoberg lime is
very similar to the wet-
slaked Naversjoberg
lime in the mortars.

It also needed the
ground layer for adhe-
sion, it hardened fast
once applied to the wall.
When working the
surface one had to be
very light on hand in
order to avoid a lime
film on the surface.

D

The analysis as well as the practical tests shaywsvy different types of lime after burning, skadgiand hard-
ening, see figure 11. The Naversjéberg lime prdedse more hydraulic than the Marieby lime everutito
both kinds are made from the 1s6 limestone. Ingioresuch as Jamtland where there have been lime iki so
many different deposits of limestone it is extreyrdifficult to find limestone giving exactly the s& properties
as the original mortars locally used. Adding thet that old mortars are extremely different fromrtacs in
modern mortar tradition concerning mixing raticerih are other difficulties finding restoration naog that are
very similar to the historic ones since moderntsraén are unsure of how to deal with fat lime msrt@he
tested mixes were extremely sensitive to a too higter content, both when it came to applying tleetar and
especially when it came to working the surfacecstne. All the tested lime mortars would easilydaldime
towards the surface if worked on before they hambe stiff. Shrinking cracks occurring in the dryiphase
had to become visible before the render could bmosimened with a steel trowel with a light hand. Témst sur-
faces showed that it is essential not to be inreyhwhen building a render since every layer muésable to
harden before another layer can be applied, amy éaager must be worked on after it has set — ddpee clear
when looking at some surfaces that did not hardepegly.

Figure 11: Thin section of mortar samples made fdoynslaked Marieby lime 1:1 and dry slaked
Naversjoberg lime 1:1 to sand 0-3 mm. The showrtlwid the samples are 2.6 mm. A polarization
Microscope, Zeiss TM, was used.
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5 Conclusions

It is not too difficult to produce local lime if éne is a known history of the lime burning techmigjdeveloped
for every region and its conditions. It is also adiig process to burn limestone if a field kilmdre used but it
requires some people with experience of burning lifrhe difficulties in this project started witimdiing a prop-
er stone that could provide a lime mortar with gamgualities as the original mortar in the needdeestoration,
firstly since Jamtland is a very difficult regiontivcomplex geology but also since most kinds wielstone have
been used for burning historically. Many generatibave developed their technique from local cood#tidur-
ing centuries and most of their knowledge wasdosing the 28 century. Today the knowledge must be recap-
tured and all the details from choosing stonejreet lime kiln, burning technique and burning tirakaking
technique and storing of slaked lime, sand quatitixing ratio, mortar mixing technique to applicatimethod
and surface working method have to be tested iardadfind a proper restoration mortar for eactetgp ma-
sonry with remaining original mortars. Adding thia¢ restoration mortar should have good workabdgywell
as a long durability it requires a large quantityests and time for evaluation.

All types of lime produced in the project had ie&ting qualities and could give mortars with acabla
workability and color and structure similar to thld mortars. But it takes time to get used to hbeytwork and
how to control them in practice. In Sweden manyunegdimestones were burned historically (Johan2886)
but in the 1940’s only the pure lime compatible lfore-cement mortars became the ones that was th(Badk-
sten, Mebus 2012). This change has mediated theofdsrowledge among several generations of maSuis.
sequently, our generation must learn to controltanerwith properties far from what they are useil tee want
to restore our historic buildings with traditiomahterials and methods.
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