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Abstract
Knowledge of salt and moisture distribution is a key factor for understanding rock decay at cultural heritage sites. The cave town of Uplistsikhe in Georgia, carved from sandstone in late bronze age to medieval times, suffers from progressive scaling and flaking processes. Multi-method investigations of rock moisture and salt distribution were carried out in order to better understand the patterns of decay. Salt distribution was investigated using drill dust samples and paper pulp poultices; moisture was determined by 2D-resistivity and handheld microwave sensors, supplemented by infrared thermography. The combined results from the different methods revealed a complex pattern of salt and moisture distribution. At most sites, K2SO4 (arcanite) and its hydrates dominate, sometimes in combination with CaSO4 (gypsum). At one site (Grandhall), halite (NaCl) and niter (KNO3) prevail. Sulphates are assumed to be a legacy of air pollution; origin of halite and niter remains unsolved but might be due to concrete reinforcements. Two main sources of moisture were evidenced depending on season and spatial situation: (1) Condensation of air humidity at cool cave backwalls in spring (combined with and aided by salt hygroscopicity), evidenced by 2D-resistivity and infrared thermography; (2) seepage along joints particularly at the cave backwalls and roofs, evidenced by handheld microwave sensors. Further investigations should focus on identifying seepage pathways and on clarifying the origin of destructive halite and nitrates.
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Introduction
Moisture and salts cause considerable damage to built and rock-hewn heritage [1]. Rock-cut or cave sites in sandstone worldwide suffer from progressive decay (e.g. [2, 3]). Besides external disturbances such as landslides and seismic activity, the main reasons are fluctuations in temperature and moisture [4] and the destructive effects of salt weathering [5, 6]. Knowledge of salt and moisture distribution is one of the key factors for understanding decay patterns and processes and for designing protective measures. However, detecting and quantifying salt and in particular moisture in stonework is still challenging [1, 7].
In the cave town of Uplistsikhe (Georgia), carved from sandstone in several periods of time from late bronze age to medieval times, widespread scaling and flaking are observed and there are concerns about stability of some of the vaulted ceilings. Different input paths of moisture have to be considered, e.g. condensation of air humidity [8, 9], wind-driven rain or rainwater run-off [10] and capillary rise of ground water [7, 11]. Efflorescent salts may be partly geogenic in origin or be added hydrologically by rising damp [11], meteorologically by salt spray [12] or air pollution [13, 14] and by anthropogenic sources like road salt [15]. Knowledge of input paths, distribution and dynamics are required for monument protection, as wrong treatments (e.g. surface sealing) are known to be potentially ineffective or even harmful (e.g. [16]).
We carried out a multi-method measuring campaign to assess the distribution of rock moisture and salts in selected caves of the Uplistsikhe site as an aid for the implementation of conservation measures. To this end, different types of salt sampling and moisture measurements were carried out in the period between 2018 and 2022, including geoelectrical investigations, handheld microwave sensor measurements, drilling and salt sampling. The work was part of a PhD project without external funding. The aims were:	To assess spatial distribution and nature of salts at the walls of the caves;

	To assess spatial distribution and origin of wetness;

	To relate weathering damage to salts, temperatures and water, and provide strategies do reduce damage.




The distribution patterns found, as well as the effectiveness of the methods used, are also of interest for similar investigations beyond the local case study.

Study site
The Uplistsikhe cave town and fortress is situated in the Transcaucasian Depression of Georgia, some 10 km east of the town of Gori. The settlement was already a religious and political centre in the Hellenistic period; however, the town was in its heyday in high medieval times (ninth—eleventh centuries) and was abandoned in the thirteenth century [17]. The rock-hewn site covers almost eight hectares on a rocky slope with a vertical cliff overlooking Mrtkvari (Kura) river. Most of the caves are devoid of decoration apart from niches in the back or side walls. Some of the larger structures have coffered tunnel-vaulted ceilings. The cave town was carved out of soft, medium-grained Lower Miocene sandstone series assigned to the Upper Uplistsikhe Subformation [18]. The rock appears homogeneous, but varies in small-scale grain size and colour (from yellowish to medium grey). The matrix is partly calcareous and partly consisting of idiomorphic quartz crystals. According to samples collected and investigated by the authors, open porosity varies between approx. 13–20%.
Climate in Gori is subhumide (mean annual air temperature: 16 °C, annual precipitation 500–550 mm) with warm summers (around 28 °C) and moderately cool winters (around 4 °C) [19]. Rain falls all year with peaks in spring / early summer and a weaker peak in autumn. Snowfall and severe frost are rare.
Widespread weathering features include scaling and flaking of the stone up to mm-thickness both at the interior and exterior of the caves (Fig. 1). At ledges and overhangs outside of the caves, blistering of up to several cm thickness is found (terminology according to [20]). Salt efflorescence is frequent on surfaces that are subject to scaling and flaking, and is also found on surfaces from which cm-thick slabs have come off.[image: ]
Fig. 1a Widespread flaking in mm-thickness (GH); b Blistering up to several cm thickness (between GH and TE); c Salt efflorescence (back wall and right side, GH), line of adhesive electrodes of ERT-profile "GH outer recess"


We chose four exemplary sites for our investigations: Grand Hall (GH), Longhall (LH), Blackberry Hall (BH) and Teatron (TE) (see Fig. 2). The innermost chamber of GH is carved roughly 5–6 m deep into the rock and measures approx. 4 × 3 × 2 m. The rear wall and ceiling show flaking and salt efflorescence; the walls were visibly moist in the first period of field work (March 2018). The first working hypothesis was that the moisture derives from condensation as well as from capillary rise and from not exactly localisable water pathways in the upper part of the rear wall. LH is wider and less deep; the rock appeared to be drier and in the outermost niche (approx. 3 m deep) the rock appeared widely undamaged. Blistering and salt efflorescence are found mainly at the weather-exposed rock to the side of the cave and above. BH is a wide cave with moderate salt efflorescence in some places and noticeable black crusts at the ceiling of the innermost chamber. These are probably due to open fire by shepards who used some of the caves as a temporal shelter after the abandonment. TE stands out for its vaulted ceilings; salt efflorescence and flaking are present at the back wall and ceiling. In all caves, we named the exact study sites "back wall" if they were in the innermost chamber, "outer recess" further outside in semi-open niches and "outside" if they were at the front of the facades without roof above (see Fig. 3). Circulation and air exchange decrease from the outside and the recesses to the deeper chambers.[image: ]
Fig. 2Uplistsikhe study site. a Location within Georgia; b Photo from a distance, Grand Hall (GH), Longhall (LH), Blackberry Hall (BH) and Teatron (TE) are marked; c Aerial view of the site with investigated caves marked; d Grand Hall; e Longhall and Blackberry Hall

[image: ]
Fig. 3Ground plan sketch of the four study sites Grand Hall (GH), Longhall (LH), Blackberry Hall (BH) and Teatron (TE). Black: Drill dust sampling; white: paper pulp poultices; blue: 2D-resistivity; yellow: microwave hendheld sensors; red: infrared thermography with approximate field of view. Positions of the points are schematic as at backwalls and outer recesses, measurements were overlapping



Methodology
Field work was carried out in March 2018 and in July 2019, respectively. A third campaign planned for 2020 had to be cancelled due to travel restrictions during the Covid pandemic. Final work could not be done until the autumn of 2022. Before the start and during the investigations, photographs were taken of all investigated sites (GH, LH, BH, TE) and the weathering features were described following the terminology of [20]. Drill dust was collected from boreholes and loose flakes were sampled; both were lab-analysed for salt ions. Additional salt sampling was carried out by means of Paper Pulp Poultices. 2D-resistivity profiles were measured to assess moisture and salt distribution in 2D-sections. Handheld microwave sensors were used to determine spatial distribution of moisture. Additionally, at GH, spatial distribution of temperature (mean and fluctuations) was measured through two Infrared Thermography 24-h monitoring campaigns. Weather was cool and moist with recurrent rainfalls in March 2018, warm and moderately wet with infrequent rainfall in July 2019 and warm and dry in October 2022.
Paper Pulp Poultices (PPP)
PPP are patches of wet cellulose fibres that are placed on the stone as a non-destructive salt sampling method. The poultices allow to extract salts from the near-surface stonework and thus to assess the spatial distribution and type of salts [21, 22]. We used the cellulose fibre material Arbocell BC1000 [23] and formed each poultice from 4 g of cellulose fibres and 20 ml of deionised water (pulp-to-water weight ratio about 1:5).
The PPP were applied at GH backwall and GH outer recess (both: 5 × 7 points), LH outer recess (5 × 6 points), TE backwall (6 points along a vertical line) and TE outer recess (7 points along a vertical line); in total 112 patches were applied. The poultices were applied for 120 min to the sampling points. After that, they were removed and allowed to dry completely at ambient temperature and humidity in open plastic bags. Later in the laboratory, the material of each dried poultice was mixed, 2 g were taken and dissolved with 50 ml of deionized water in a magnetic stirrer. The saline solution was filtered and conductivity was measured at 21 °C room temperature [24]. A conductivity sensor (WTW Cond 315i; measurement accuracy: 0.5% at 0… 35 °C) was used which provides a very good proxy for the total salt content of the sample [22]. As very soluble salts are extracted easier than less soluble ones, certain salts may be underrepresented. However, in the PPP approach we only used total conductivity without differentiating the salt types.

Rock sampling
At a total of seven positions (black dots in Fig. 3), boreholes of 10 mm diameter and 12 cm deep were drilled. At GH backwall there was an upper drillhole (GH-bw-upper) approx. 1.8 m above ground and a lower drillhole (GH-bw-lower) approx. 0.5 m above ground. The drill dust was carefully collected incrementally in intervals of 1.5 and 3 cm (0–1.5 cm, 1.5–3 cm, 3–6 cm, 6–9 cm, 9–12 cm). Additionally, a total of 13 detached surface fragments were sampled across the four sites.
For each sample, 1 g of drill dust (or grinded fragments) was immersed in 50 ml of distilled water by 1 h shaking plus 1 h ultrasonic mixing, and filtered. Six anions (Br−, Cl−, NO32−, NO22−, PO43−, SO42−) and five cations (Ca2+, K+, Mg2+, Na+, NH4+) were analysed by ion chromatography (IC) with the IC system Dionex ICS 5000 in the Oxford Resilient Buildings and Landscapes Lab. Of these ions, only Cl−, NO32−, SO42−, Ca2+, K+ and Na+ were considered further as the concentration of the others was 1–2 magnitudes lower.
Results were analysed using the open RUNSALT software [25, 26] which assesses probable salt types that crystallize from complex salt brines as well as their respective deliquescence points based on thermodynamic models. RUNSALT also calculates the volume of the crystallized salts at each environmental condition (temperature and RH). The charge imbalance of the ion analysis was corrected by a proportional autobalancing method. This charge imbalance may derive from analytical error or the absence of particular ions in the chemical analysis [27]. Volume increase values were converted to the entire sample by multiplying with the percentage of the respective salts in the sample, to assess how significant the crystallization process is in terms of rock decay. We are aware of limitations and pitfalls with RUNSALT such as incorrect charge autobalancing and inconsistencies related to single salts [27].

2D-resistivity profiling (ERT)
2D-resistivity is a geophysical technique for determining the distribution of electrical conductivity in the subsurface. Constant current is fed in via two current electrodes and the resulting potential is taken through two voltage electrodes. By combining different electrode positions and spacings along a line of electrodes, a 2D image of the subsurface can be calculated [28]. As conductivity in porous rock depends on amount and salinity of pore water [29], conductivity distribution is a proxy for dampness of the stone; in very highly conductive zones the presence of soluble salts can be supposed. We used a GeoTom device (Geolog2000, Augsburg/Germany) equipped with individually manufactured shielded cables with crocodile clips for up to 50 electrodes. Self-adhesive medical (ECG) electrodes were used to establish electrical contact to the walls without damaging the historical rock surfaces [1, 30]. The round stickers of the electrodes have a diameter of 4 cm with a 0.8 cm spot of conductive silicone gel in the middle. When contact problems occurred at single electrodes, a few drops of water were carefully dribbled behind the sticker, which was usually enough to reduce contact resistivity without distorting the results.
Electrode spacing depended on height and topography of the walls. We chose 6 cm spacing and 35 electrodes in most cases, always arranged in a vertical line, resulting in a total profile length of 2.04 m. We used the Wenner configuration which provides a good signal–noise ratio and is favourable for detecting surface-parallel structures [31, 32]. Penetration depth in this setting is roughly 1/6 of the profile length, i.e. approx. 35 cm. On strongly relieved or curved walls, the topography was recorded by manually measuring the distances to a straight wooden batten and included in the inversion routine. For data inversion we used the Res2DInv software [33]. Our settings include a robust inversion routine and resolution enhancement by quadrupling the number of calculation nodes. The results were then exported to spreadsheets and analysed further (e.g. deriving averages at certain depth levels). Spatial patterns and resistivity changes were visualized in isoline plots using Surfer® software.
We measured eight vertical ERT profiles in March 2018 and repeated the measurements in July 2019. Two profiles were measured at each of the four investigated caves, one in the innermost cave (not possible at LH), and one outside or in the outer recess. Due to the dry rock and according contact problems, one profile in 2018 and four in 2019 had to be discarded (Table 1). RMS errors of the accepted profiles ranged from 1.2 to 9.9%. Calibration from conductivity to rock water content (RWC) was determined in lab measurements (see section below).Table 1Position, electrode number and root mean square errors of the eight ERT profiles (D: discarded)


	Cave
	Position
	N. electrodes
	RMS error 2018
	RMS error 2019

	GH
	Backwall
	26 (1.5 m)
	3.6%
	7.3%

	GH
	Outer recess
	20 (1.14 m)
	2.0%
	22.5% (D)

	LH
	Outer recess
	35 (2.04 m)
	9.9%
	73.5% (D)

	LH
	Outside
	35 (2.04 m)
	8.2%
	8.0%

	BH
	Backwall
	35 (2.04 m)
	88.6% (D)
	168.7% (D)

	BH
	Outer recess
	35 (2.04 m)
	9.9%
	97.0% (D)

	TE
	Backwall
	35 (2.04 m)
	3.6%
	9.1%

	TE
	Outer recess
	35 (2.04 m)
	2.3%
	1.2%





Handheld microwave sensors (MW)
Microwave measurements of moisture are based on the principle that the complex dielectric constant (ε) of water is much higher than that of dry materials (e.g. [34]). In the frequency range of 1–10 GHz it is assumed that the influence of pore water salinity can be neglected [35] which is a great advantage compared to all sensor types working with electrical conductance. Handheld sensors are commercially available and have been used in the context of building stone and built heritage studies e.g. by [36] and [37]. We used the MOIST 350B sensors manufactured by hf sensor (Leipzig, Germany) which generate an electromagnetic wave in a frequency range of 2–3 GHz and measure the proportion of reflected energy ("reflection coefficient"). We used two different sensor heads that penetrate to different depths (R1M: 2–3 cm; PM: 25–30 cm according to the manufacturer). The sensors measure an integrated volume from the surface down to the specified depth, so that no accurate depth for the measured signal can be given.
The MOIST 350B measures dimensionless MI (moisture index) values that are scaled from 0 (zero reflectance) to 4000 (100% reflectance). Own experience from laboratory tests show that individual calibration from MI to rock water content (RWC) is required for each type of rock; the calibration procedure is described in subsection "laboratory calibration".
At the site, grid-shaped measurement fields were recorded. Grid spacing was 20 or 40 cm wide; the number of grid points was very variable and ranged from e.g. 4 × 4 or 6 × 6 to 12 × 4 grid points depending on size and topography of the walls. Four measurement grids were taken in each of the four caves. All grids were measured using both sensor heads, in the following referred to as R1M(3 cm) and PM(25 cm).

Infrared thermography (IRT)
We used a VarioCAM hr (InfraTec GmbH) thermal camera with a thermal resolution better than 0.03 K (low noise detector) and a measurement accuracy of ± 1.5 K. The camera works in a spectral range of 7.5–14 μm. The detector size is 640 × 480 infrared pixels. The camera has the option of a mechanical resolution enhancement that improves resolution to 1280 × 960 pixels. The emissivity value in the camera menu was set to 0.9 which is typical of natural sandstones (e.g. [38]). For a full treatment of underlying radiation physics we refer to [39] and [40].
The camera was firmly placed on a tripod in front of GH (distance of approx. 5 m to the entrance) in a way that the camera image captured the rim of the outer entrance, the inner entrance and the back wall. IRT images were automatically taken every 10 min for 24 h (= 144 images). This 24-h monitoring was carried out on 27/28 March 2018 and 19/20 July 2019; we only report on the first 24-h measurement. Data was evaluated in a self-written, MATLAB-based software to extract maxima, minima, amplitudes and temperature curves over time at selectable points.

Laboratory calibration of ERT and MW
Two big stone samples were collected at the Uplistsikhe site in order to calibrate ERT and MW sensors. The stones were selected with the help of local site managers outside the excavation site (no sampling within the site allowed) and were comparable to the rock series of the investigated caves in terms of structure and texture. Based on evidence from small chipped fragments in the examined caves, it was assumed that stone 2 was more similar to the rock at the investigated caves than stone 1 according to colour and texture. This assumption proved right as calibration curves of stone 1 did not match the values measured on site, while stone 2 allowed a reasonably good calibration. Thus, only results of stone 2 are shown here.
The stones were sawn to an approximate size of 18 × 18 × 18 cm3. Four electrodes (steel screws) were installed on one side of the stone cubes in order to measure electrical resistivity in a 4-point array. The stones were oven-dried at 60 °C for a week and the dry weight was measured, then they were put in deionized water for a total of 4 days (2 days half-immersed, then 2 days immersed to the upper edge) and the wet weight was measured. For both dry and wet, five replicate readings of electrical resistivity were taken within approx. 1 min (using the same GeoTom device as in the field) and 15 measurements with both sensor heads of the MW device on three sides of the stones (5 on each side). After that, the stones were adjusted (by slow drying) to a water content of 50% saturation; stones were wrapped in plastic foil for some days to allow for even distribution of the pore water. Then resistivity and MW readings were taken at the same spots according to the same procedure.
The results of the calibration (Fig. 4) show that the conductivity-RWC relation follows a root function (cf. [29, 41]). For fitting a curve we gave more attention to the 0% and 100% values since the intermediate saturation (50%) is likely to be less reliable. This is due to uneven pore water distribution within the sample which occurs, despite of sealing, due to gravity effects and water being retained longer in finer pores. The MW calibration show very consistent readings with the R1M(3 cm) sensor at 0%, while considerable spread occurs at 50% saturation which shows the problem of inhomogeneous pore water distribution. Thus, we stayed with a linear calibration between 0 and 100%. If the three outliers at 50% saturation (circles in Fig. 4) are discarded, the R2 for the linear fit is 89.5%. The inhomogeneity problem disappears for the PM (25 cm) sensor (R2 = 91.5%); this is understandable, as the measurement averages over a larger volume. For this sensor a slightly curved calibration line would be justified. However, linear relationships between MW reflectance and RWC were recently comfirmed by [30, 36, 42, 43] and so we applied the simpler linear approach.[image: ]
Fig. 4Lab results for the calibration of ERT and MW measurements. Upper: conversion of electrical conductivity to rock water content (root function was chosen despite the non optimal fitting at medium saturation). Lower left: boxplots of moisture index at different saturations for MW surface sensor R1M(3 cm) (circles: outliers, see text); lower right: for MW volume sensor PM(25 cm)


Both techniques have a certain temperature dependency (electrical resistivity more than microwave reflectance). For this reason, all measurements were performed in a climate cabinet at different temperatures. Since ERT profiles and MW grids were taken at specific dates and significant temperature differences between the sites are improbable, only the 20 °C calibration was used in the context of this paper. A more detailed description of the calibration process can be found in Sass et al. (in prep.).


Results
Salt distribution from paper pulp poultices, drill dust and fragments
PPP data shows that the back wall of GH is the saltiest by far (mean: 742 µS/cm) (Fig. 5). GH outer recess (88 µS/cm without outlier), LH outer recess (127 µS/cm) and TE outer recess (124 µS/cm) show significantly lower conductivity. Salt concentration at TE backwall is slightly higher compared to the aforementioned sites (275 µS/cm). Elevated conductivity at GH backwall is mainly found in the upper parts of the wall and correlate with visible zones of salt efflorescence. The only salty patch at GH outer recess is close to a joint with signs of moisture seepage. At TE backwall, the saltiest zone is near diagonal joints, also with signs of seepage. This is an indication that the salts come out of the rock with seepage water and do not derive from direct atmospheric deposition.[image: ]
Fig. 5Spatial distribution of PPP conductivity [µS/cm] as a proxy of total soluble salt concentration. n.d.: no data


Drill dust samples show that at almost all sites, significant concentrations of salt are only found at the immediate surface (Fig. 6), with the exception of GH-bw-upper where high concentrations of K+ and SO42− reach down to 1.5–3.0 cm. All other back walls also show salts only at the surface, albeit to varying degrees (e.g. for SO42−: LH 7.3 mg g−1, BH 5.4 mg g−1, TE 3.9 mg g−1). At the "outside" sites of LH and BH practically no salts are detectable. LH outside is exposed to direct rainfall, so any salts that precipitate are likely to be washed off.[image: ]
Fig. 6Concentration of selected ions in drill dust samples


The most abundant anion is SO42− with the noteable exception of GH-bw-lower where Cl− and NO32− are more important (Table 2). Among the cations, K+ is the most important at GH backwall and TE backwall while Ca2+ dominates at BH and LH backwalls. GH lower drill hole is the only place where elevated concentrations of Na+, Cl− and NO32− were found. In the collected surface fragments, K+ and SO42− predominate at GH backwall while Ca2+ and SO42+ are abundant at BH, LH and TE. At the latter sites K+ and NO32− also occur. The ions NH4+, Mg2+, PO43−, Br− and NO2− are of subordinate importance in all samples and are not documented.Table 2Ion concentration (mg g−1) at drill hole samples (only 0–1.5 cm) and collected surface fragments


	Site
	Sample
	Cl−
	NO32−
	SO42−
	Na+
	K+
	Ca2+
	Salt typesa

	a) Drill samples

	 GH-bw lower
	0–1.5 cm
	1.12
	1.85
	0.39
	1.72
	6.99
	0.12
	NaCl, KNO3

	 GH-bw upper
	0–1.5 cm
	0.13
	0.11
	5.18
	0.14
	4.34
	0.36
	K2SO4

	 LH-backwall
	0–1.5 cm
	0.08
	0.03
	7.29
	0.12
	0.37
	2.55
	CaSO4

	 LH-outside
	0–1.5 cm
	0.07
	0.02
	0.24
	0.09
	0.22
	0.05
	K2SO4

	 BH-backwall
	0–1.5 cm
	0.08
	0.03
	5.37
	0.12
	0.65
	1.86
	CaSO4 (K2SO4)

	 BH-outer-rec
	0–1.5 cm
	0.08
	0.04
	0.86
	0.11
	0.55
	0.25
	K2SO4 (CaSO4)

	 T-backwall
	0–1.5 cm
	0.08
	0.04
	3.94
	0.13
	1.57
	0.67
	K2SO4, CaSO4

	 T-outer-rec
	0–1.5 cm
	0.07
	0.03
	1.70
	0.11
	0.50
	0.52
	K2SO4, CaSO4

	b) Surface fragments

	 GH-backwall
	SF1
	0.03
	0.17
	27.78
	1.19
	15.54
	0.04
	K2SO4

	 GH-bw upper
	SF3a
	0.03
	0.39
	30.99
	0.63
	18.75
	0.03
	K2SO4

	 GH-bw upper
	SF3b
	0.05
	0.15
	30.30
	2.17
	16.36
	0.02
	K2SO4

	 GH-bw lower
	SF4a
	0.39
	0.63
	29.84
	0.18
	18.38
	0.04
	K2SO4

	 GH-bw lower
	SF4b
	0.29
	3.04
	24.45
	1.76
	15.46
	0.03
	K2SO4

	 GH-bw corner
	SF5
	0.16
	1.75
	22.55
	1.68
	11.55
	0.71
	K2SO4, CaSO4

	 BH-bw soot
	SF6
	0.02
	0.11
	5.56
	0.10
	0.90
	1.70
	CaSO4

	 BH-outer-rec
	SF7
	0.06
	10.96
	10.43
	0.39
	13.71
	0.06
	K2SO4, KNO3

	 TE-outer-rec
	SF8
	0.03
	3.35
	4.73
	0.08
	2.55
	1.19
	CaSO4, KNO3

	 TE-backwall
	SF9
	0.03
	3.89
	7.67
	0.20
	7.29
	0.09
	K2SO4, KNO3

	 LH-outer-rec
	SF10
	0.02
	0.36
	5.89
	0.63
	1.87
	0.93
	K2SO4, CaSO4

	 LH-outer-rec
	SF11
	0.34
	2.64
	13.60
	0.66
	5.26
	1.72
	CaSO4, KNO3

	 LH-outer-rec
	SF12
	0.16
	14.57
	5.56
	0.17
	8.66
	1.10
	CaSO4, KNO3


The combination of K2SO4 and CaSO4 may also point to potassium calcium sulphate (syngenite)
aprobable main salt types based on stoichiometric considerations



Main salt types given in Table 2 are derived from stoichiometric considerations and do not include double salts. In order to supplement this simplifying approach, RUNSALT software was used to calculate the composition of different salt types that crystallize from the brine composed of the given ions. At GH-bw-lower, halite (NaCl) and niter (KNO3) prevail. Crystallisation of NaCl occurs at < 68% RH associated with a volume increase of 0.7 to 0.9% converted to the entire sample. LH-outer-recess and BH-backwall are gypsum-dominated sites. The anhydrite-gypsum transformation takes place at 50–70% RH depending on temperature, associated with a moderate volume increase (0.2–0.25%). However, this mechanism is relevant only at geological timescales which reduces the significance of this process in the built or rock-hewn heritage context [50]. At all other sites, K2SO4 (arcanite) and its hydrates (e.g. K2SO4 ∙ H2O) dominate; only minor shifts from arcanite to its hydrates occur (sometimes combined with Ca in the crystal lattice) without any volume increase or decrease.

MW-handheld results
The range of the measured MW values in the field matched the range of the laboratory calibration very well. Walls that were estimated to be very dry in the field, actually showed readings close to the "zero moisture" values from the laboratory. Few values were slightly negative after applying the calibration (down to -10% saturation) which shows that one rock sample cannot fully represent the natural variability in the field. Maximum values (apart from few single outliers) were at around 70–80% saturation. The mean saturation over all test fields was 15% for sensor R1M(3 cm) and 18% for sensor PM(25 cm) which appears to be realistic as the conditions in October 2022 were very dry.
Mean values for each grid are compiled in Table 3. Deep values from PM(25 cm) were more variable than surface readings from R1M(3 cm). For PM(25 cm), highest mean values were recorded for the ceiling positions (33%), followed by back walls (23%), semi-open niches (12%) and outside positions (3%). The order for R1M(3 cm) is the same with less spread (20%, 18%, 12%, 10%). There are no significant differences between the caves for R1M(3 cm), and slightly higher mean values for PM(25 cm) at LH and TE compared to BH and GH. At BH middle and BH outer recess, the upper half of the grids was slightly wetter than the lower half.Table 3Mean saturation values for the 16 grids measured with the two MW sensors RM1 and PM


	Measurement grid
	R1M (3 cm) (%)
	PM (25 cm) (%)

	BH backwall
	17
	16

	BH ceiling
	20
	18

	BH middle
	12
	15

	BH outer recess
	9
	4

	GH backwall
	12
	18

	GH ceiling
	20
	38

	GH outside middle
	6
	−2

	GH outside left
	8
	−8

	LH backwall
	18
	25

	LH ceiling
	18
	30

	LH outer recess
	15
	19

	LH outside
	19
	23

	TE backwall
	23
	32

	TE ceiling
	23
	45

	TE outer recess
	10
	9

	TE outside left
	9
	−1




The effect of salt efflorescence on MW values was tested by comparing the readings from these areas to areas without visible salt. Areas of salt efflorescence inside the caves were found to be drier on average (e.g. GH ceiling: mean without salts: 45%, mean with salt efflorescence: 27%). There was no detectable effect of soot cover on moisture readings.
Moisture patterns at the back walls and ceilings of GH and TE are displayed in Fig. 7. Surficial moisture [R1M(3 cm)] is low and quite homogeneous at both sites, the ceilings are slightly wetter than the back walls. An outlier of 100% saturation at TE may be thought being a measurement error, but correlates exactly with the maximum value in the deeper layer and was therefore left in place. In the deeper layer [PM(25 cm)], well-defined areas of increased moisture can be observed. At GH, a moist zone extends diagonally across the left part of the ceiling. At TE, the moist zone is half at the ceiling and half at the back wall where it extends above a pronounced, mossy fissure that appears to dam seepage water, some of which seeps out at the surface ("outlier" close to a mossy patch). Both moist zones are not clearly recognisable at the surface which shows that the rock was dry at the surface at the time of measurement (autumn) and the seepage water had retreated 1–2 decimetres into the rock in most places. All other plots in the other caves were much more homogeneous and mostly dry.[image: ]
Fig. 7Moisture distribution derived from handheld MW sensors. Left: surface sensor R1M(3 cm), right: deep sensor PM(25 cm). Upper: GH backwall and ceiling; lower: TE backwall and ceiling (dashed lines: prominent joints). Back walls and ceilings are connected without sharp angle in a quasi-continuous transition



ERT results
2D-sections of moisture content were calculated from the ERT resistivity profiles (Fig. 8) using the calibration curve of Fig. 4a. Calculated water content ranges from almost nil up to approx. 20% RWC, small areas reach up to 40% at GH backwall. Spatial distribution is very variable, particularly near the surface. Moisture distribution differs between the sites. GH backwall stands out for a thin wet layer at the surface (cf. Figure 8); the high values here exceed the estimated pore volume which suggests that the visible salt efflorescence on the surface contributes to increased conductivity. It is not possible to separate water content and salinity as reasons for increased conductivity because these two factors are closely interrelated. However, the conductive surface layer had almost disappeared in summer 2019, and thus it is highly probable that higher dampness in spring 2018 caused the conductivity peak. GH outer recess is two-part with pronounced wetness in the upper part of the profile; from field evidence it seems that precipitation water seeps down from the roof of the cave through cracks and over the surface. At TE backwall, TE outer recess and LH outside, the base of the profiles is clearly wetter which points to capillary rise of moisture. In most cases, cracks are visible as very dry zones at the surface, e.g. at TE backwall 0.6 m, while they are not discernable any more at greater depth. The moist zone of TE backwall at 0.2–0.5 m matches the moist zone above the cracks in the MW sensor data (Fig. 7).[image: ]
Fig. 8RWC distribution derived from 2D-resistivity at four exemplary profiles. Respective surfaces on the left. a GH backwall; b GH outer recess; c TE backwall; d LH outside


The 1D-depth profiles of Fig. 9 were generated by calculating the mean RWC of each ERT model layer. The horizontal lines show that there is not much change of RWC deeper than approx. 10 cm. Only LH outer recess and TE backwall are a little more moist inside which could point to water originating from the inner rockwall or the surface above. Towards the rock surface, variability is higher. The "outer recess" sites of BH, GH and LH were slightly dried out at the surface, probably due stronger evaporation than fully inside the caves. At LH outside, a "bump" of RWC between 5 and 15 cm depth may be an indication of a rainfall event in the days preceding the measurement. The reason for the relatively high RWC at the surface of TE outer recess is not clear as the site appears to be shielded from most rainfalls. Increasing moisture towards the surface at LH outer recess and TE backwall might be due to surface condensation because of temperature differences or hygroscopic effect of salts. This reason is evident for GH backwall, where visible wetness was observed and salts might contribute to high conductivities.[image: ]
Fig. 91D-depth profiles of RWC derived from numerical analysis of the geoelectrical profiles


Of the four usable profiles (in terms of data quality) from 2019, three are very similar to those from summer 2018 (LH and TE outer recess, TE backwall; these are not presented). At GH backwall, the markedly increased RWC at the surface had totally disappeared in 2019 (which matches the field impression). Apparently, the preconditions for air humidity condensation were not met anymore (see Discussion).

IR thermography
At both monitoring dates (March 2018 and July 2019), mean temperatures were lowest in the innermost chamber of GH, higher in the middle part of the cave and highest at the outer edge (Fig. 10a). Also at both dates, minimum temperatures were lowest in the inner chamber and slightly higher in the middle cave. The lowest stripe of the back wall cools down the most, which makes it the area which is probably most affected by condensation of air humidity. In July 2019 the outer rim was cooler due to outgoing radiation (Fig. 10b), while in March 2018 under slightly overcast sky, contrast between inside and outside was low (not shown). Visible salty scales unter the cave ceiling have cooler minima, probably because of lacking thermal contact to the main rock body.[image: ]
Fig. 10Results of the IRT 24-h monitoring of July 2019. a mean T over 24 h; b minimum T over 24 h; c accumulated modulus of 10-min T fluctuation over 24 h; d T graphs at the six positions marked in (a). Height of the inner entrance approx. 1.7 m


Figure 10c shows the cumulated temperature change (│ΔT│) over the 144 images. The outer rim shows the highest fluctuation and the inner cave the lowest, but it is also evident that the mentioned salty flakes at the cave ceiling show higher fluctuation than their surrounding, which could drive their detachment. Figure 10d shows temperature curves for six selected positions marked in Fig. 10a. Point 1 (right edge of the outer rim) shows the largest amplitude due to direct sunlight in the afternoon. Amplitudes and mean temperatures decrease towards the inner chamber (points 2–5) and are lowest at its base (point 6). The difference between the salty scales (point 4) and their surrounding can be traced: In the warm hours of the day, short-term fluctuations are stronger on the scales, while in the night time they cool off more strongly (as mentioned for Fig. 10b).


Discussion
Validity of the approach
All methods applied delivered valuable and partly complementary results. ERT was at the edge of its applicability, particularly on the dry surfaces in summer 2019. Calibration is imperfect as rock samples, even of considerable size, cannot fully reproduce the conditions of an inhomogeneous rockwall. Nevertheless, relative tendencies (higher or lower) and the approximate degree of saturation can be estimated. It would have been desirable to have all methods applied at all three fieldwork dates; however, this was not possible due to technical and organisational issues. The use of MW handheld sensors in autumn 2022 appeared to be particularly promising and it would have been beneficious to have comparable measurements from spring and summer.

Sources of moisture
Regardless of the limitations mentioned above some general patterns of moisture distribution can be observed. There is evidence of more than one pathway of water infiltration. In spring 2018, the surfaces (outer 0–10 cm) of the cave walls were moister than the deeper layers (ERT, Fig. 9). This means that an external source of moisture is more probable than seepage water from the inside, pointing to condensation of air humidity on the comparatively cool cave walls. Particularly in spring, temperatures at the back walls can be several degrees cooler than the outside air temperature (IRT results, Fig. 10) so that the dew point can be undershot. Condensation may be facilitated by salt efflorence of NaCl and associated hygroscopicity effects (see below) so that the immediate dew point need not be reached. Condensation as the primary source of moisture has recently been reported by Ouyang et al. (2023) for a sandstone cave in China. The temporal fluctuation of RWC at Uplistsikhe as measured with microwave monitoring also shows moisture increase in time periods of dew point undershoot (second paper in preparation).
In autumn after a long period of dry weather, rock surfaces have dried out, particularly at sun- and wind-exposed sites outside the caves but also inside the chambers as shown by MW (Table 3). Thus, the moisture gradient has reversed from moist surface – drier inside (spring) to dry surface – moister inside (autumn). This is particularly the case at the roofs of the inner chambers where seepage water percolates through the rock, and most strongly at spatially confined locations where seepage is channelled through fissures (ceilings of GH and TE) (Fig. 7). The findings from the MW measurements are supported by the confined moist zone in the ERT profile on TE backwall (Fig. 8c, 0.2–0.5 m). ERT of LH outer recess may also indicate water coming from inside the rock along confined waterways. Thus, seepage locally is an important source of moisture that becomes more significant when the season of air humidity condensation is over. The overarching role of fissures as pathways of infiltration and percolation has been shown at various heritage sites (e.g. [44, 45]). The opposite effect can be seen at TE outer recess (Table 3): This site has no connection to the inner rock due to a cave behind it and is shielded from rain, thus it is very dry.
Near the facades of the caves, direct rainfall and channeled runoff from precipitation is another important moisture source, as ERT profile GH outer recess shows (Fig. 8b) (also [44, 45]). At this site water is coming from the top, probably facilitated by the presence of joints, and creeping down on the surface. For LH outside, spatially limited moist areas are also likely to derive from rainfall, while the surface is dried out by sun and wind (Fig. 8c).
Finally, microwave monitoring at GH backwall shows that moisture increases after long rainfalls at the base of the wall rather that at the top (second paper in preparation). The ERT profiles LH outside and also TE backwall are slightly wetter at base. This points to capillary rise from a rising slope water table (Fig. 8c, d). Figure 11 summarises and visualises the possible sources of moisture.[image: ]
Fig. 11Hypothetical sketch of the different pathways of water ingress at a typical cave. Not all moisture sources occur in all caves



Sources of salts
The spatial distribution of salts gives no direct indication of their origin. Salts either derive from the in situ rock or they are legacy from air pollution around the town of Gori. Dominating sulphates point to an influence of air pollution. It is somewhat uncommon that potassium sulphate (K2SO4) dominates over Na2SO4 which is agreed to be one of the most common and destructive salts at buildings [5, 46, 47]. Potassium sulphate is present in agricultural fertilizers [48]; however, this source seems to be unlikely here regarding the steep topography and rocky surface of the site. Thus, an in situ origin of K+ ions (e.g. from potassium feldspar) seems to be more probable. Gypsum (CaSO4) may be formed by sulphuric deposition combined with the partly calcareous matrix of the bedrock. The combination of K2SO4 and CaSO4 at several sites (Table 2) may point to the double salt potassium calcium sulphate (syngenite). Syngenite was also found in black crusts of monuments in Serbia due to the presence of K-feldspar [48]. NaCl was found in drill samples and surface fragments of GH backwall (Fig. 6, Table 2). Its origin is unclear as no significant amounts of soluble salts in the rock were reported by geologists (e.g. [18]); however, unreported sea salt deposits as thin layers in the sandstone cannot be completely ruled out. Furthermore, in Uplistsikhe concrete was largely used to reinforce ceilings in several caves and also to seal deep cracks on near-horizontal open spaces of bedrock surface (M. Elashvili, oral comm.). Even though NaCl is not a typical component of concretes, this type of local anthropogenic source seems the most likely.

Distribution and phase changes of salts
Drill hole samples show salt crystallisation at the immediate rock surface (Fig. 6). This pattern occurs after evaporation of surface-wetted rock, provided that "the rate of evaporation is lower than the potential rate of outward salt solution migration" ([49], p. 80 f.). This is probably the case in the caves where seasonal surface-wetting occurs by condensation and the evaporation rate in the shielded caves is low. Parsons and Abrahams [50] also point out that if the drying rate is lower than moisture replenishment from within the stone, efflorescence of crystallised salts will occur at the surface. At sites outside and above the caves (e.g. Figure 1b), faster evaporation occurs and the salt crystallization horizon is accordingly deeper, leading to blistering of cm-thickness. Generally, caves are preferred places for salt crystallisation due to slow drying and lateral salt migration as shown by [51] for tafoni.
The finding from MW measurements that some areas of salt efflorescence in the caves are drier than their surrounding might be due to gypsum precipitation that can reduce the drying rate of porous stone due to accumulation at the evaporation front and associated pore clogging [52]. However, the reasoning may be vice versa: At places that remain moist also in the dry season due to seepage, salts cannot crystallise while in the surrounding, the rock slowly dries out and salts can precipitate at the surface. Direct thermal signals of salt crystallisation were not detected in the IR thermal data; however, the thermal signature e.g. of KNO3 crystallization proved to be too week to be registered by IR even under controlled laboratory conditions [53].
While sodium sulphate is generally agreed to be one of the most damaging salts at porous rocks [5, 47], not much is published on the damaging potential of potassium sulphate. Its deliquescence point is at 97–99% RH [54] in the temperature range encountered at the site so that not many deliquescence-crystallisation cycles are to be expected. This is supported by the RUNSALT model indicating that the K2SO4-dominated sites are rather inactive in terms of salt weathering. Inconsistencies of RUNSALT regarding the exact crystallisation points of the hydrates of potassium sulphate [27] do not affect this assessment. Efflorences of syngenite and gypsum were also found by [55] at a cave site in calcarenite bedrock, with some effect on rock microporosity.
The critical deliquescence point of NaCl is at around 75% RH depending on temperature [56]. Mean relative humidity at the meteorological station of Uplistsikhe was 68% from Aug 2019 to Jul 2021 and ca. 75% in the winter months. In the mentioned 2 years, diurnal crossing of the 75% threshold occurred on 548 days (= three of four days). Thus, diurnal crystallisation cycles may occur over long periods of the year. According to the literature, NaCl does not produce important damage to the stone apart from efflorescences at the surface [46]. However, slightly erosive effects of NaCl were stated by [47], and sodium chloride was found to disintegrate sandstone samples by crystallisation pressures (Levin, 1982, cited from [6]). Cardell et al. [12] pointed out that condensation is conducive to crystallisation weathering as it can form a brine solution that migrates towards the inside of the stone [57]. We assume that in the annual cycle, enrichment of NaCl at the surface occurs during long periods of summer drying, while condensation and frequent crystallisation cycles occur in winter. NaCl crystallisation near the surface can explain the widespread flaking at the GH site (Fig. 1a) [12, 58]. We further assume that GH backwall is wetter than all other sites because of hygroscopic NaCl and KNO3 (drawing water at > 75% RH) while the other sites are drier because the prevailing K2SO4 and CaSO4 have their deliquescence points at 99% or higher [52, 54].
Gypsum is one of the most common salts found at rock-hewn heritage sites but is considered less aggressive than other salts [5, 52]. The only places were gypsum seems to be the only significant salt are the black-crusted backwalls of BH and LH (Table 2) which appear to be relatively stable indeed. However, in mixed solutions with halite, the deliquescence humidity of gypsum is lowered to approx. 85% [47]. Gypsum-anhydrite transition is at around 42 °C [52] which is a possible temperature on sun-exposed rock at the site, but not within the caves. However, gypsum-anhydrite transition can occur at lower temperatures due to RH fluctuations between approx. 60 and 100% RH ([52], Fig. 3) but is rather slow. In mixed salt solutions, nitrates as well as halite tend to keep moisture in the material because of their deliquescent nature. This allows for an increased migration of less soluble gypsum; the damage from these combinations have been found in practice (e.g. [59]). Thus, we assume that gypsum in combination with available halite and niter contributes to increased weathering at GH.


Conclusions
The combination of rock/salt sampling and moisture measurement by ERT and MW sensors revealed a complex pattern of salt and moisture distribution at the Uplistsikhe cave town site. Summing up, four possible sources of moisture can be evidenced depending on season and spatial situation: condensation, seepage, precipitation and capillary rise. Of these, condensation (in spring) at some of the cave backwalls and seepage (directed by the fissure network and assumedly mostly during long rainfalls in winter) are the most important. For site conservation this means that water ingress above caves at risk should be prevented, rather than applying surface treatments in the caves themselves.
In the caves, salts concentrate at the surfaces due to slow evaporation. K2SO4 and CaSO4 are the most important salts over most of the site. GH stands out for NaCl efflorescence which facilitates condensation and increases the weathering effectivity of gypsum. This combined effect is probably responsible for widespread, but shallow flaking at this site. Flaking is favored by increased temperature fluctuations on detached scales. Blistering of thicker layers rather occurs outside of the caves due to stronger evaporation.
Combined results of moisture and salt distribution can potentially explain most of the weathering patterns found at rock-hewn heritage sites. At Uplistsikhe, further investigations are necessary, in particular on the origin of the salts encountered and on seepage intensity at different locations and in different seasons.
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