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This paper  discusses  new  advances  in heritage  site  monitoring  using  a geo-spatial  method  for  assess-
ing  the  state  of  preservation  of earthen  architecture  overtime  as  a preventive  conservation  measure.
The proposed  method  leverages  a comprehensive  (quantitative–qualitative)  approach  that  gathers
multi-temporal  data  including  environmental  information  collected  by means  of  environmental  log-
gers,  qualitative  vulnerability  assessment  of mud-brick  walls,  and  surface  change  detection  information
obtained  by  comparing  terrestrial  laser  scanning  point  cloud  capturing  the  decay  of  building’s  wall
features  over  time.  Producing  a detailed  spatial  understanding  of the  conservation  issues  that  affect
mud-brick  walls  in  large  earthen  sites,  this  method  can  be  used  by conservators  to rapidly  identify  which
buildings  require  immediate  intervention  and  lay the  basis  for  future  evaluation  of  the  conservation
nvironmental risk
oint clouds comparison

actions  undertaken.  To test  the  effectiveness  of  the proposed  geospatial  model  in producing  a  compre-
hensive  view  of  the environmental  risk  and  pattern  of  decay  that affect  mudbrick  structures,  this  paper
presents  analyses  and  results  obtained  in  a  six-year  study  at Ç atalhöyük,  Turkey.  Our  results  corrobo-
rate  the  effectiveness  of the proposed  method  and  prove  that  it  can be successfully  employed  to  create
preventive  conservation  measures  at other  earthen  sites  inside  and  outside  the  Near  East.

©  2019  Elsevier  Masson  SAS. All  rights  reserved.
. Introduction

The fragile composition of earthen architecture sites presents
any challenges for conservators. Immediately after excavation,

urfaces are exposed to environmental agents and temperature
uctuations that change the equilibrium achieved with internment,

eading to structural instability and other micro-scale patholo-
ies, such as cracking, material loss, and surface delamination [1].
ue to its delicate nature, the study of earthen architecture has
ostly focused on the analysis of the material’s composition, on the

valuation of different conservation methods [2,3], and on environ-
ental stability as one of the keys to the preservation of earthen
aterials. Many studies have identified water and moisture as main

gents of deterioration, as they promote the formation of soluble
alts inside the mud-bricks, which are subject to a cyclic process

f dissolving and recrystallization that induces stress and loss of
ohesion in the materials [4,5].
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lercari@ucmerced.edu (N. Lercari).
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At Çatalhöyük and other archaeological sites with earthen archi-
tecture, major damage to plaster wall surfaces have been observed
immediately after or within a few days of excavation due to the
rapid desiccation of features [6]. For this reason, it is important to
establish in situ protective systems that allow the plaster to grad-
ually reach a state of equilibrium with ambient conditions and a
monitoring program to understand both the local environmental
conditions and the presence of moisture in the walls and ground
[6, p. 218]. Three-dimensional (3-D) documentation has become a
common method in archaeological practice, implemented during
excavations for in-field documentation but also for mapping pur-
poses and damage assessment [7,8,9,10,11,12]. This method has
been demonstrated to be extremely useful for assessing damage
at endangered archaeological landscapes and sites [13,14,15]. 3-D
documentation has less frequently been applied to the monitoring
of ancient earthen architecture [16,17,18,19].

Since 2009, the Ç atalhöyük Research Project adopted a 2-D
GIS platform linked to a custom SQL database to handle the vast
amount of data produced by the excavation process [20,21,22].

Building on previous experiments with laser scanning [23], in 2011,
digital imagery techniques for the generation of 3-D excavation
replicas and laser scanner recording were employed at an intra-
site level [24]. Some interesting efforts have been made to relate
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rchaeological excavations and digital documentation with 3-D GIS
isualizations [25] and to simulate with virtual reality an archae-
logical excavation of Building 89 starting from the stratigraphic
-D data collected in the field [26].

Despite these efforts to document comprehensively the site
ith both 2-D and 3-D data, the information related to the preser-

ation of buildings and their architectural features only started
o be recorded systematically in 2014 by the current Conserva-
ion Team. From 2012-2017, an interdisciplinary team from the
niversity of California, Merced and Duke University digitally doc-
mented Ç atalhöyük’s earthen structures, using and testing the
otential utility of Terrestrial Laser Scanning (TLS) for site conser-
ation planning [27,28]. In addition to 3-D data, conservators from
ardiff University assessed the state of preservation of the fragile
arthen architecture of buildings located on the Ç atalhöyük East
ound in 2015 and 2017. According to on-site observation, in 2014

onservator placed a total of eight TinyTag data loggers in specific
reas of the site no longer undergoing excavation, eight loggers to
ecord temperature and three to register humidity – the number
nd type of loggers was  due to budgetary limitations. Leveraging
-D and 3-D multi-temporal monitoring of the Ç atalhöyük North
rea, we assessed the progressive decay and erosion of buildings
nd identified the areas of most immediate risk of deterioration.
dditionally, this data is used to look at the efficacy of conserva-

ion treatments, aiding in a move away from treatment strategies
ocused on polymerization and more toward earth-based repair
trategies.

To manage, analyze, and visualize the heterogeneous quanti-
ative and qualitative data collected at Ç atalhöyük, the authors
tilized 2-D spatial analytical tools available in the ESRI ArcGIS
latform. This allowed us to spatially combine the qualita-
ive conservation assessment with quantitative environmental
ata (temperature and humidity) and surface material loss data
btained by computing the difference of TLS point clouds of North
rea features recorded at different times.

. Research aim

By combining 3-D technology and GIS, we performed an assess-
ent of the conservation issues that affect the architecture of

 ̧ atalhöyük North Area. Our study aims to develop a spatial ana-
ytical model able to provide the Ç atalhöyük Conservation Team
nd other conservators facing similar problems with data-driven
ools for planning future conservation interventions and develop-
ng best practices that can be applied in other earthen heritage sites
nd case studies.

. Research context

Ç atalhöyük is an exceptional archaeological settlement in terms
f physical and temporal scale in both prehistoric and modern peri-
ds. The site is located on the southern edge of the Anatolian plateau
f what is now the arid agricultural Konya Plain. Between 7100 to
900 cal BCE, an estimated 3000–8000 people lived at Ç atalhöyük

n mud-brick houses that were elaborately overlaid by each suc-
essive generation [29,30]. The building technique integrated large
ud-brick with timber post and beams on a modular rectangu-

ar plan. Entrance to the dwellings happened from the flat roof
ade of reeds and earth and supported by wooden beams. The
alls were generally plastered and often painted and sometimes

ecorated with plastered features. Multiple levels of plasters have
een detected and documented with archaeological excavations,
uggesting a constant maintenance of the surface by its inhabitants
6].
l Heritage 39 (2019) 166–176 167

To mitigate the effects of the harsh continental climate of the
Konya Plain on the mud-brick, a permanent shelter was built in
2002–2003 over the South Area, and in 2007–2008 over the North
Area. While the single walled polycarbonate sheeting that covers
the shelter’s roof protects the structures laying underneath from
wind and direct rain or snow, it does not provide adequate UV
radiation protection and is environmentally unstable.

Our investigation focuses on the North Area of the site and, in
particular, we have been directing the 3-D comparison on eight
buildings within the shelter (Buildings 5, 48, 49, 55, 64, 82, 114, 119)
that were identified as a priority by Lingle, Head of the Ç atalhöyük
Conservation Team. These specific buildings were selected because
they were no longer undergoing active excavation. It is important
to underline that North Area buildings were excavated in differ-
ent field seasons spanning 1996 to 2017 and that wall features
have been dug at different times, even within buildings. Therefore,
the exposure of the mud-brick to environmental factors and other
threats differs greatly within the North Area, sometimes signifi-
cantly within the same building. Moreover, at least one-third of the
features included in our analyses have been conserved previously
using different physical conservation interventions with varying
degrees of success.

Matero and Moss [6] describe the monitoring efforts, on-site
conservation actions and laboratory test undertaken at Ç atalhöyük
while suggesting best practices to preserve the newly excavated
buildings, among them Building 5. The conservators collected
eleven samples from plastered walls at different height and depth
and measured moisture content upon extraction and several days
later. The results in all cases demonstrate that salt recrystalliza-
tion sometimes occurs at the surface-substrate interface and is
associated with deterioration including flaking, delamination, and
detachment [6, pp. 220–221] However, the shelter was constructed
after the completion of Matero and Moss’ study, thus changing the
conditions originally assessed, chiefly temperature and humidity
see also (see also [31], p. 160).

Based on the framework of the Ç atalhöyük Digital Preserva-
tion Project [27], we aim to explore the concurrent agents of
deterioration while performing a quantitative assessment of the
conservation issues that affect the architecture of the Ç atalhöyük
North Area.

4. Material and Methods: a GIS environment and 3-D data
comparison to understand the deterioration process and its
causes

The need for a thorough analysis of earthen architecture that
takes into account several factors such as environmental character-
istics, material and building techniques, and the structural system
of constructions has been discussed by several authors [4,6,32].
Following these recommendations in the understanding of the
deterioration process experienced by mud-bricks constructions at
intra-site level, various techniques and approaches were combined.
A GIS platform was used as an instrument for documentation and
diagnosis purposes by analyzing newly collected environmental
and architectural data.

In order to obtain spatial-temporary climate maps of temper-
ature and humidity distribution under the shelter, and of the
vulnerability of mud-bricks, we  used Inverse Distance Weighted
(IDW) interpolation technique. IDW is a deterministic interpola-
tion method that estimates the value at unknown points using the
sampled values and distance of surrounding nearby known points,

without any statistical assumption abstracted from the dataset.
Any point with an unknown value will be influenced by its known
neighbors according to their distance [16,32–34]. We  chose this
method due to the limited number of available temperature and
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ig. 1. Map  of the North Area. Priority buildings and their features are highlighted.

umidity stations in relation with the size of the North Shelter
rea (about 973 m2). This methodology is employed by other works
sing the same distance-based method to estimate and calculate
emperature variation [35,36,37], and evaluate the influence of
nvironmental agents on heritage sites [38].

Because of the importance of 3-D data for conservation efforts
7,11,39,40,41,42] we performed surface change detection in the
-D data collected from 2012–2017 using the Multiscale Model to
odel Cloud Comparison (M3C2) method [43] in the open source

oftware CloudCompare [44]. The results of this evaluation were
ater incorporated into the GIS and associated with the spatial anal-
ses.

The North Area (Fig.1) was addressed using a deductive
pproach on different levels of analysis: the first is an area-wide
namnesis of the site – or search for significant data and informa-
ion – to contextualize our observations thanks to the overview of
he environmental and vulnerability data. The secondary level took
nto consideration the building characteristics such as depth, year
f excavation, materials composition, orientation and relation with
ther architectural features. Finally, considering the material loss
f walls through time.

.1. Environmental heritage risks map

The temperature and humidity data recorded under the shel-
er every 15 and 30 minutes by TinyTag loggers in the North Area
elp understanding how dry/wet cycles and freeze/thaw cycles of
ater and moisture in the mud-brick cause surface material loss

nd erosion.
Our interest focuses on the temperature variation and thus,

tarting from the daily fluctuation range, we calculated the annual
verage thermal excursion value for the eight data loggers for
ugust 2015-July 2016 (Fig. 2). The annual average temperature

◦
ange calculated by the loggers is 19 C, with the lowest monthly
emperature recorded on January 3rd, 2016 of −14 ◦C and the high-
st monthly temperature recorded on July 31st, 2016 of 52 ◦C. To
rovide a further insight into the North Area temperature, one
Fig. 2. Average Range Temperature calculated for the North Area (IDW parameters:
known points number: 8; power: 2; neighbors: 10; barrier: trench).

needs to underline that the difference between the maximum
and minimum temperature in April 2016 reached 34 ◦C. The aver-
age temperature fluctuation registered in the southern stations of
the shelter show higher records if compared with the northern
data. Our climate map  suggests an area of higher variation in the
South-East corner of the shelter (20–22 ◦C). Medium value thermal
excursions are more likely to happen in the center and decrease
toward the North, where lower fluctuations were registered in the
North-West corner (16.6–17.7 ◦C) (Fig. 2). A difference of more than
2 ◦C is registered between the logger on the floor inside Building 5
(#707047) and the one on top of the north wall (#748517). Deeper
buildings present lower thermal excursion, while the architectures
closer to the surface are more subject to temperature fluctuation
[45]. B5 was  excavated in 1998 and its floor level remains 3.5–4.5
meters below the ground level.

Weather conditions for the Konya plain for the same historic
period were also analyzed and compared with our information.
The data show that outside the shelter the average range tem-
perature is 13 ◦C, while the temperature registered for July 31st
is 32 ◦C – a 20 ◦C difference between inside and outside [46]. The
minimum temperature, however, is not so striking, 2 ◦C warmer
inside the shelter than outside. When comparing the average ther-
mal  excursion, it is evident how in the hottest months the variance
is accentuated, while in winter it decreases (Fig. 3). Such a differ-
ence is certainly related with inadequate UV radiation protection
provided by the polycarbonate covering the shelter’s roof that con-
tributes to increase temperature variation in the dry hot summers
and foster other adverse micro-climatic conditions in other sea-
sons. In addition to dramatic seasonal shifts, the area around the site
is a heavily farmed agricultural area, as such water demands in the
region have caused the water table beneath the site to dramatically
drop since excavations began 25 years ago. It is our hypothesis the
dropping water table exacerbates the deterioration through desta-
bilization and wicking, but currently we  do not have enough data

to confirm the effect of this phenomenon on the archaeology.

Relative humidity is a key aspect for conservation of earthen
architecture, for this reason we  suggest an estimation of its impact
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Fig. 3. Comparison between the Temperature-Range Average of thermal fluctu-
ation inside the shelter (red) and outside the shelter (blue). (Konya Air Base
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utside historic data obtained through www.wunderground.com and visualized by
.  Campiani).

n the North Area by using the available data of the three stations
or the period of this study (Fig. 4).

At Ç atalhöyük, soluble salts included in the mud-brick deli-
uesce starting at about 65% RH; below this percentage the salts
ecrystallize and fluoresce. Thus, anytime % RH goes above and
hen below the deliquescence point, one can expect material loss
nd erosion to occur. Alternatively, when the percentage of relative
umidity drops below 20% RH, the mud-brick begins to desiccate
nd plaster delamination and material loss occur. For instance, from
eptember 2015 through June 2016, the maximum % RH recorded

ach day was above the deliquesce risk range of 65% RH, having
he most transitional phases in December and January. In con-
rast, in August and September 2015 the daily % RH was  almost

ig. 4. Days/year when humidity is above 65% RH (left) and below 20% RH (right) (IDW p
l Heritage 39 (2019) 166–176 169

entirely below the desiccation risk range of 20%. The salts iden-
tified at Ç atalhöyük include: Sodium Chloride (NaCl), Potassium
Chloride (KCl), Sodium Nitrate (NaNO3), Potassium Nitrate (KNO3),
potassium magnesium chloride (KMgCl3·6(H2O),  Calcium Sulfate
(CaSO4), and Sodium Sulfate (Na2SO4).

To analyze the potential impact of frequent fluctuations in rel-
ative humidity on the earthen architecture, we  calculated how
many days a year humidity reached the critical values (> 65% RH
or < 20% RH) and provided an approximation on the % RH varia-
tion throughout the shelter. The spatial patterns of % RH suggested
by the interpolation, conform to the expected inverse relation-
ship between temperature and humidity. The central section of the
North Area, with a tendency toward the North-West corner, reaches
the risk range of 65% RH more than 147 days each year. The situa-
tion is inverted when we take into consideration the minimum % RH
value. Relative humidity variation below 20% can happen up to 215
days/year, against a maximum value of 148 days/year above the 65%
RH threshold. The buildings on the North-West corner of the shelter
mostly experience this low days-count RH variation, and a lower
range of temperature fluctuation (16.69–18.26 ◦C). On the contrary,
our analysis suggests that from the center toward the South-East
section of the North Area there is a tendency to lower humidity per-
centage and higher temperature (Fig. 4). The inverse environmental
conditions at the northern and southern ends of the shelter high-
light the areas where deterioration is most likely to occur. While
the conditions in the central part of the shelter fluctuate, there is
generally greater stability.

When dealing with conservation issues in earthen architecture,
it is important to consider both temperature and relative humidity
a high degree of relative humidity in low temperatures [47, p. 65].
For this reason, we  combined temperature and relative humidity
data together to create an environmental heritage risk value that

arameters: known points number: 3; power: 2; neighbors: 12; barrier: trench)..

http://www.wunderground.com
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ig. 5. Environmental Heritage Risk Map  in relation with the different material-typ
;  neighbors: 10; barrier: trench).

stimates the threat to earthen architecture [38,48]. For tempera-
ure, we computed how many days a month there is a fluctuation
igger than the average value plus its standard deviation. Because
he three datasets (days with extreme temperature fluctuation,
ays with high RH, days with low RH) are different scales, we
ormalize the data to be able to examine what areas have more
xtreme values of different criteria. These normalized Z-scores can
e averaged at each position, wherein an “average point” that saw
verage numbers of extremely fluctuating temperatures, days with
igh RH, and days of low RH would have a value of 0, and positive
alues mean that a point experienced these damaging environmen-
al traits at higher than average rates. This result is an absolute,
entered, and normalized risk value given the three parameters, %
H above 65, % RH below 20, and days with a temperature fluc-
uation > average +1 standard deviation, where all parameters are
qually weighted.

The interpolation identifies the areas of higher risk in the North-

ast corner of the shelter, moving toward the center and in its lower
ector, with a rate of more than 48% (Fig. 5). From the North-West
orner to the central area the risk has a smaller impact (between
3–47%). While the North-East corner of the shelter and its
 atalhöyük’s priority buildings (IDW parameters: known points number: 8; power:

southern end are prone to suffer from great overall climatic insta-
bility, the North-West and central area deterioration can be more
likely related to the impact of higher moisture levels. Building dete-
rioration can be related to the features’ different composition: walls
constituted of mud-brick without any plastering or burnt modifi-
cation generally correspond to the low environmental risk areas
(Fig. 5).

It  should be noted that Building 3, in the East northern area
matches with a high environmental risk zone: it was excavated
between 1997–2003 and its walls are currently almost completely
eroded, as it periodically floods during the wet fall and winter
months.

4.2. Qualitative vulnerability assessment

In 2015 and 2017, the Conservation Team performed an in-
depth qualitative assessment of the state of preservation of

buildings and features of Ç atalhöyük. The team evaluated the vul-
nerability of mud-brick walls on-site, considering the decay caused
by: erosion, undercutting, fragmentation, and delamination. Addi-
tionally, they look for the presence of deterioration agents such as
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Fig. 6. Vulnerability map  overlay, 2015–2017 (IDW parameters: known points

rganic matter, vegetation, insects, and efflorescent salts. This was
lso an opportunity to assess the effectiveness of previous conser-
ation interventions. Each feature on open-display was  examined
nd photographed. The results were tabulated and images evalu-
ted against the decay baseline maps created in the 2014 season.
verall features tended to score similarly from 2015 to 2017,

n instances where there were large discrepancies the area was
urther investigated and treated as necessary. An absolute dam-
ge value was assigned to all of the deterioration variables and

 risk threshold was established as ≥ 12 on a total overall of 20
oints. Typically, features with five or more patterns of deteriora-
ion scored above a 12. The greatest limitation of this methodology
s subjectivity, particularly as there is very little team continuity
ach year – subsequently the survey is conventionalized with most
ategories being either present/not-present, or a severity rating
etween 1–4 (negligible to very severe).
Starting from previous examples of risk maps for cultural her-
tage [49,50,51,52,53], we converted the observational data into

 vulnerability map  in order to relate trends in observed decay
o the environmental risks modeled by temperature and relative
er: 77; power: 2; neighbors: 10; barrier: trench), showing features’ centroids.

humidity. Features’ centroids were calculated for each surveyed
wall, for a total of 77 values, and associated with their overall
risk assessment. The overlay of the 2015 and 2017 maps shows
that the more vulnerable areas have a tendency to spread from
North-East and pass through the center of the shelter toward
the South-West corner (Fig. 6). It is interesting to notice that the
approximation presented by our spatial analysis to the concurrent
conditions that affect earthen architecture at Ç atalhöyük is able to
suggest a direct correspondence between the qualitative data and
the vulnerable areas they identify, and the environmental risk areas
(Fig. 5 and Fig. 6).

4.3. Features comparison

To infer the amount of damage the mud-brick features suf-
fer through time, we compared 39 walls belonging to our eight

priority buildings scanned yearly in the North Area in the period
2012–2017. The related point clouds were segmented and aligned
in CloudCompare into a series of historic data. The reference for the
alignment was  chosen in the 2014-point cloud, being the 2012 and
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ig. 7. Building 48, Point cloud of Feature 1821 in 2014 (above) and the variation of
ignificant Change areas as outlined in CloudCompare, from 2012 to 2017 (below).
ed  points show change while blue points indicate no significant change.

013 often scattered and thus less reliable for point comparison.
nce aligned, the surface change among different instances of the

ame feature was computed with a millimeter-level accuracy using
he Multiscale Model to Model Cloud Comparison (M3C2) method
54,55].

M3C2 considers a subset of points, defined core points, that can
e automatically subsampled and are used to compute and visu-
lize the surface affected by significant change (Fig. 7) [19]. Using

 MATLAB routine developed in our laboratory [56], we averaged
eatures’ distance into a single value that expresses the deteriora-
ion of a wall when compared to its 2014 reference point cloud.
his value, related to the feature’s area (% of material loss) has been
mported into the GIS where the loss can be spatialized and the
uccession of year-maps can express the occurrence of the varia-
ion. When comparing the trend of material loss throughout the
ears with the conservation actions implemented for a single fea-
ure, our quantification can be used to evaluate the success of in situ
nterventions.
The Conservation Team started to systematically record conser-
ation actions on-site in 2015. Previous restoration efforts were
ssessed through qualitative survey and features’ observation. By
nalyzing the variation of values obtained through M3C2 point
l Heritage 39 (2019) 166–176

cloud comparison prior to 2015, we can thus infer whether pre-
vious restorations took place. For instance, in the case of the wall
features of Building 48 (Fig. 8), a decreasing in % of material loss
detected in 2013 suggests that successful conservation interven-
tions for all of the features occurred in 2012 (Table 1). Similarly,
significant reduction of % of material loss documented in 2016 in the
same building, points out that successful interventions were under-
taken also in 2015. Additionally, our data suggest that – except for
Feature 1824 – all walls have suffered material loss between 2016
and 2017, with a dramatic loss documented in Feature 1824, the
South perimeter wall of Building 48.

Open access to the raw and processed data presented in this
paper and their related metadata, is guaranteed through a part-
nership with the University of California San Diego-Center for
Cyber-Archaeology and Sustainability [57].

5. Results and discussion

Before the construction of the North shelter, thanks to the anal-
yses conducted between 1998-2002 in Building 5, Matero and
Moss [6, p. 218] observed that walls protected by sun- and wind-
screening temporary shelters were presenting lower temperature
and desiccation with respect to the unprotected features. After
measuring moisture content in plaster walls, they concluded that
soluble salts were causing overall moisture content at or near the
surface causing flaking, delamination and detachment [6, p. 221].
Even if it prevents the erosion caused by wind, our analyses have
highlighted how the North Area shelter fosters adverse micro-
climatic conditions. The dramatic undercutting process assessed by
Lingle on-site can probably be a consequence of the same shelter-
associated environs [58, p. 2].

To get deeper into the analysis of deterioration and conservation
associated with inside environmental condition, we can consider
the period 2015–2017. It corresponds to our 2015–2016 tempera-
ture and humidity data collection as well as it overlaps with the
2015 vulnerability assessment carried out by the Conservation
Team. Italso refers to actions and conditions between 2016 and
2017. In GIS, we  reclassified the vulnerability map and the environ-
mental risk map  into four categories of risk (1 = low; 2 = medium;
3 = medium-high; 4 = high) and we highlighted the area of medium
to high risk, as it is more significant to emphasize the dual nature
of our dataset and the way  it was utilized to monitor earthen archi-
tecture (Fig. 9). Furthermore, the operations performed with raster
calculator show where material loss increments from 2015 to 2016,
from 2016 to 2017 and the overall of these two operations, from
2015 to 2017. The zone of medium to high risk primarily involves
the North-East corner of the shelter, where B119 and B3 are located;
it moves toward the center of the shelter and B114, with some
scattered areas on the southern corner of B82 and B48 to the East.

Our map  shows how from 2015 to 2016 material loss is doc-
umented throughout all the shelter, being B5 and B119 affected
features. It is important to notice that B119 and B3 are character-
ized by a depth of 3 to 4.5 meters. This condition is more likely to
foster deterioration: even in sectors of lower environmental risk,
like the North-West corner, we observe diffuse material loss and
high moisture content (Fig. 9).

Between 2016 and 2017, the increasing in material loss is doc-
umented almost entirely in the south-eastern priority buildings,
located at the edge of high and low environmental risk area of
the site. Specifically, the deterioration of B49 mud-brick features

increased from 2016 to 2017, most dramatically for the northern
wall Feature 1491. On the contrary, the southern wall, F1658, com-
posed of plastered mud-brick seems not to be interested by this
phenomenon during the same period of time. Again, a variable to
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Fig. 8. Material loss for Building 48 wall features from 2012 to 2017.

Table 1
Rate of change of Building 48 wall features between 2012–2017.

Building Feature Core points Area m2 Percentage Significant Change (significant
change value/core points number)

Percentage of material loss
(average value/feature area)

14 12% 14 13% 14 15% 14 16% 14 17% % change 12 % change 13 % change 15 % change 16 % change 17

48 1818 147289 1.03 26.79 23.67 58.31 23.50 44.18 0.04 0.05 1.92 0.39 1.70
48  1820 263317 1.68 75.38 34.32 64.13 32.56 55.96 0.28 0.08 0.67 0.03 1.20
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48  1821 121951 0.48 38.01 22.50 53.25 21.99
48  1824 86029 0.80 44.69 53.24 4.49 76.88

ake into consideration that can foster material loss is the depth of
he building, which varies from 2.5 to 3.5 meters.

Between 2012 and 2017, the high rate of material loss (> 1.41%)
an be observed in low and high environmental risk areas (Fig. 10).
t can be noticed a tendency of deterioration in deeper buildings
hat have been excavated from 1998 to 2006 and, thus, present
onger exposure to the environs as it is the case of B5, B49, B64
nd B48. Regardless of walls’ orientation, the features where more
aterial loss happened through time are composed by mud-brick

nd plastered mud-brick.
The maps overlay stresses several causes and trends: environ-

ental risk is a major cause of instability
throughout the shelter, nonetheless it has to be associated with

uildings’ depth and features’ composition in order to understand
ow the combination of these variables fosters material loss and
romote deterioration. For example, Buildings 5 in the north sector
f the shelter was excavated in 1998, prior to the shelter construc-
ion and it is subject to a constant material loss. In this building, all
ind of deterioration conditions have been observed. It is located
n a fringe zone between low and high-environmental risk: the
nvironmental condition, in association with the depth of the exca-
ation and, thus, of features’ contact with the ground (> 3.50 m)
ight promote detachment. The walls predominantly suffer from

ndercutting, correlating to high relative humidity fostering salt
eliquescence and moisture formation inside the mud-brick walls
nd wicking from subterranean contaminates.

. Conclusion
The combination of environmental spatial analyses and 3-D
ata on material loss creates a productive tool for archaeological
eritage monitoring. In particular, our analysis considers the con-
urrence of several factor in the implementation of deterioration
7.15 3.57 0.50 1.61 NA 13.87
3.62 0.19 0.52 0.31 1.30 1.11

conditions of wall features through time. We  studied environmen-
tal data obtained for the Ç atalhöyük North Area between 2015
and 2016 via TinyTag data loggers, which measured tempera-
ture and humidity under the shelter. For archaeologists working
under the shelter during the summer experiencing environmen-
tally oppressive working conditions [31, p. 160], the mapping of
this information draws attention on how dramatic the situation
can be. Here, the temperature can reach 52 ◦C degree with a differ-
ence of more than 20 ◦C degree relative to the outside temperature.
Humidity also plays an important role in damage to the mud-brick
walls: days in which salt deliquescence and recrystallizations occur
during a year are extremely frequent in the Ç atalhöyük North Area.

This project and collaboration have yielded surprising results
for the site’s conservators. While much of the conservation inter-
ventions have focused on the northwest corner of the shelter, it
has suggested that conservation works need to be more evenly dis-
persed to the southern end. The vulnerability assessment provided
by the conservators about their interventions has complemented
the research at a shelter level by outlining features and areas more
prone to deterioration agents. The direct benefits of this study
for conservators at Ç atalhöyük include: providing a quantitative
overview of deterioration at the site, shaping informed conserva-
tion practice, aiding in the implementation of proactive treatments
opposed to reactionary ones, and creating an informed base for new
conservators coming to work at the site.

At the feature level, we  have measured the material loss affect-
ing eight priority buildings through time with a novel technique
based on the comparison of available 3-D data. The material loss
calculation has also allowed us to evaluate the efficacy of the mate-

rials employed by conservators, and to estimate their life-span. Our
analysis also emphasizes that semi-automated comparison of TLS
data can be exploited to identify the causes of mud-brick decay.
When transferred to the GIS platform the value obtained thanks
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ig. 9. Area of medium to high risk (orange) obtained from the reclassification a
ercentage of Material Loss from 2015 to 2017.

o a MATLAB routine we developed, can be associated with other
eterioration risk factors.

Our study suggests that the monitoring of earthen sites can be
mproved when using several scales of spatial analysis (e.g. area-

ide, building-level, feature-level), and when the relation between
he concurrent conditions that elicit deterioration is explored. Our
esearch has highlighted the importance of assessing the envi-
onmental conditions at an intra-site level to understand the
istribution and propagation of temperature and humidity, which
e were able to partially estimate with GIS due to the limited
umber of monitoring stations. For this reason, this investigation
onstituted the occasion to reflect on effective practices for the
onitoring of earthen architecture sites, where data loggers rep-

esent a fundamental component to understand wet/dry cycles in
ud-bricks and, thus, should be included in the budget allocated

or conservation. Our spatial analytical models represent a first step
oward the systematic qualitative and quantitative monitoring of

 ̧ atalhöyük earthen architecture.
Like any earthen site there is no perfect conservation solution,

owever, with the aid of 3-D data and GIS monitoring, conserva-

ors at Ç atalhöyük can now select more effective polymers (when
eeded), and otherwise focus on traditional earth-based repairs
ecause they are proving to be a greater long-term strategy.
ore broadly, we believe that the workflow we implemented is
 of the vulnerability map  and the environmental risk map, in relation with the

applicable to a variety of heritage sites, including but not limited to
archaeological sites with earthen architecture inside and outside
the Near East.
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