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Abstract

:

In the Dingwall gypsum quarry in Nova Scotia, Canada, operating in 1933–1955, the bedrock anhydrite deposits of the Carboniferous Windsor Group have been uncovered from beneath the secondary gypsum beds of the extracted raw material. The anhydrite has been subjected to weathering undergoing hydration (gypsification), transforming into secondary gypsum due to contact with water of meteoric derivation. The ongoing gypsification is associated with a volume increase and deformation of the quarry bottom. The surface layer of the rocks is locally split from the substrate and raised, forming spectacular hydration relief. It shows numerous domes, ridges and tepee structures with empty internal chambers, some of which represent unique hydration caves (swelling caves, Quellungshöhlen). The petrographic structure of the weathering zone has been revealed by macro- and microscopic observations. It was recognized that gypsification commonly starts from a developing network of tiny fractures penetrating massive anhydrite. The gypsification advances from the fractures towards the interior of the anhydrite rocks, which are subdivided into blocks or nodules similar to corestones. Characteristic zones can be recognized at the contact of the anhydrite and the secondary gypsum: (1) massive and/or microporous anhydrite, (2) anhydrite penetrated by tiny gypsum veinlets separating the disturbed crystals and their fragments (commonly along cleavage planes), (3) gypsum with scattered anhydrite relics, and (4) secondary gypsum. The secondary gypsum crystals grow both by replacement and displacement, and also as cement. Displacive growth, evidenced by abundant deformation of the fragmented anhydrite crystals, is the direct cause of the volume increase. Crystallization pressure exerted by gypsum growth is thought to be the main factor generating volume increase and, consequently, also the formation of new fractures allowing water access to “fresh” massive anhydrite and thus accelerating its further hydration. The expansive hydration is taking place within temperature range from 0 to ~30 °C in which the solubility of gypsum is lower than that of anhydrite. In such conditions, dissolving anhydrite yields a solution supersaturated with gypsum and the dissolution of anhydrite is simultaneous with in situ replacive gypsum crystallization. Accompanying displacive growth leads to volume increase in the poorly confined environment of the weathering zone that is susceptible to upward expansion.
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1. Introduction


Hydration of mineral anhydrite (CaSO4) leading to crystallization of gypsum (CaSO4∙2H2O) is a common reaction observed both in the weathering zone and deeper subsurface [1]. This process has a specific character due to the potential volume changes that accompany mineral transformation. Theoretically, during this process (gypsification of anhydrite) the volume can decrease by 9% in the closed system and increase by 62.7% in the open system when the water comes from the outside [2].



In natural environments, the recorded volume changes related to gypsification of anhydrite are variable. The volume changes may not take place at all or be negligible and unnoticeable [3,4], and such a case is more common than volume increase ([5], with references therein). Anhydrite beds, and gypsum beds which are the product of their hydration, then retain the same thickness [6,7,8]. Moreover, such beds do not show the deformations which are expected in the process of volume increase [3,5,6,8,9] (p. 10).



In the other cases, it has been observed that the secondary gypsum has a greater volume than the anhydrite from which it was formed. Commonly, the estimated volume increase is less than the theoretical value of 62.7%, e.g., by 26% [10] (p. 37, Figure 9), or by 50% [11]. Amadeus W. Grabau concluded that during the transition of anhydrite to gypsum due to hydration the volume may increase by 30% to 50% [12] (pp. 177, 537) and [13] (p. 359).



The reasons why there is no increase in volume in one case and on a variable scale in the other are not quite clear. In addition, the mechanisms of volume change operating on a microscopic scale are not well recognized and understood.



The lack of or smaller volume increase than theoretically predicted is commonly explained by the escape of excess calcium sulphate derived from the dissolution of anhydrite out of the place of dissolution (e.g., [14,15]). In such a case, gypsum crystallization may occur partially or even completely outside the system [3,5].



The other reason for smaller volume expansion is the occurrence of hydration in a confined environment deep under the Earth’s surface. At a depth of over 60–75 m ([1], and references therein) lithostatic pressure balances and surpasses the pressure induced by anhydrite hydration leading to “swelling” and is able to inhibit or stop this process. Hydration of anhydrite is entirely impossible above a certain temperature (>42–60 °C, for the pure water, [16]) in the thermodynamic conditions in which anhydrite is stable and gypsum unstable, and under the Earth’s surface there is a certain depth below which this reaction is unlikely, mainly because of the too high temperature [17].



Volume increase related to gypsification of anhydrite is recorded not only in the ancient rocks. In some places the expansive hydration is manifested nowadays allowing study of its rate and course [18,19,20,21]. It is particularly rapid in anhydrite-bearing clay rocks [20]. The most remarkable are railway and road tunnels and viaducts situated on the anhydrite-bearing substrate which have a tendency to heave. The heave of some tunnel floors is very rapid [19,22,23] and continues for many years. Recently, even more destructive large scale heave, causing the catastrophic fracturing of buildings and roads, has taken place in the areas of some cities (Staufen im Breisgau, Böblingen, Rudersberg in Germany, and Lochwiller in France) where geothermal installations disturbed the hydrological system in the deeper subsurface containing the anhydrites [24,25]. In spite of many studies, these heave processes are difficult to predict and practically impossible to stop by currently known engineering methods.



There are also anhydrite occurrences undergoing more or less pronounced expansive hydration directly at the surface—in the weathering zone (e.g., [26]). The weathering zone is a place that has a practically unlimited inflow of water of the atmospheric derivation supporting the hydration process, except for that of polar regions, where the water is frozen and trapped in the permafrost (Shearman in [27]) (p. 291) [28]. A less confined rock and soil environment of this zone is susceptible to expansion, however, for some reasons, such an expansion does not always take place.



In some rare anhydrite outcrops an increase in volume is manifested by smaller scale morphological forms that are visible on the surface as domes and pressure ridges with the internal caverns below detached and an uplifted surface layer of the rocks [18] ([21], with references therein). Some of the caverns are large enough to allow an adult person to enter, and as such they represent caves. The peculiar origin of these caves makes them unique speleological objects; they are known as hydration caves (or swelling caves, German: Quellungshöhlen). Large groups of such hydration caverns and caves creating peculiar landscapes on the weathering anhydrite rocks are so far recorded in only a few places on Earth [21]. They are known from two natural sites: near Walkenried in Germany [18,29], and on the Alebastrovyye Islands in Russia [30], and from two abandoned gypsum quarries: at Pisky in Ukraine [31,32] and Dingwall in Canada (Figure 1) [29,33,34,35]. The latter site is the subject of authors’ investigations.



The Dingwall site offers an excellent opportunity to study the processes of anhydrite weathering and expansive hydration both at the macro- and microscale. Previous studies in this quarry have focused mainly on the morphology and morphometric aspects of the karst forms, like karren [36], and of the hydration forms. The petrological features of the anhydrite hydration (gypsification of anhydrite), fundamental for the understanding of the process on the microscale level, were not studied so far, and the present paper focuses on this issue.



Although previous petrological studies of the anhydrite weathering zones, both the ancient, the sub-fossil and the modern ones, were led by many authors (e.g., [1,15,28,37]) only a few such studies documented recently undergoing expansive hydration [18,31,36,38]. The current work supplements the knowledge on this subject and is an attempt of disclosure of the poorly known mechanisms and conditions of the volume expansion during the hydration of anhydrite. Basing on detailed macro- and microscopic petrographic investigations, we restore the processes of expansive gypsification presenting model interpretations of microstructural and mineralogical evolution of the weathering zone. We also attempt to characterize the environmental conditions responsible for the advance of the expansive gypsification at this site and to recognize basic factors which drive and inhibit that process and control the degree of volume increase.
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Figure 1. Location of the studied abandoned gypsum quarry at Dingwall (a) and photographs of the site (b–f); b–central field of the quarry seen from the north; (c)–exemplary hydration dome along with internal void and with Firouz Vladi next to it; (d)–bottom of the quarry (see b) with spheroidal fractures related to spheroidal weathering (similar to cannonball structures from New Brunswick [39]), note layering (marked by dotted yellow line) and hydration domes with cavern or cave in the background; (e)–bottom of the quarry in eastern field showing regular joint system (marked by red dotted lines) and hydration forms; (f)–sinkholes (schlottenkarren; marked by red arrows) seen in the quarry wall in central field. 
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2. Climate and Geology of Studied Area


Dingwall in the province Nova Scotia has the temperate, cold climate (Dfb, classification according to Köppen and Geiger [40]. According to data from Dalem Lake, 70 km south of Dingwall, the average annual precipitation is 1346 mm with a greater intensity in winter, while the average temperature is +6.7 °C (minimum in February: −8.3 °C, maximum in August: +22.3 °C; [41]). Temperature fluctuations around 0 °C thus have a significant influence on the course of weathering. Snow cover can be quite thick in wintertime, reaching more than 2 m [42] and snow stays in some sinkholes until July [33].



In the quarry at Dingwall, which was opened in 1933 and has been closed since 1955, secondary gypsum occupying the upper part of the weathering profile over the bedrock of anhydrite rocks was exploited [43]. The anhydrite rocks exposed at the quarry bottom represent the lowest part of the Windsor Group, comprising Carboniferous (Mississippian, Visean) sediments of the Maritimes Basin in the Atlantic part of Canada (Figure 2) [44]. The Windsor Group is a “saline giant”; one of a few tens of Earth’s marine evaporate deposits attaining particularly large sizes [45]. It includes two main sequences containing five cycles (subzones), lettered from A (the oldest) to E (the youngest) [46]. The studied deposits belong to the lowest A cycle, representing the rapid marine transgression, and probably also to the B cycle [46,47,48,49]. They at least partly are secondary deposits derived from dehydration of gypsum which was originally deposited in the Maritimes Basin [45]. These evaporites overlie the clastic rocks of the Horton Group and slope north-east creating a depression underneath the Aspy Bay (Figure 2). Both formations are bounded to the northwest by the Aspy Fault (Figure 2 and Figure 3) [50] and from the southwest contact with older igneous and metamorphic rocks. The Windsor Group rocks present in the quarry were overlain by sandy and clayey Quaternary till (removed during exploitation), with a thickness of several to over a dozen meters, deposited during the last late Pleistocene Wisconsinan glaciation [51,52]. Gravels of igneous and metamorphic rocks derived from this till are found scattered at the bottom of the quarry.



The studied site contains a large number of hydration forms (77 documented forms of remarkable sizes, apart from many smaller forms) and the largest number of documented hydration caves (more than 40), including the largest known existing hydration cave, the Ramesh Cave [21]. It is the place with actively developing hydration relief noticed already in 1969 [53] and studied more systematically since 1990 [21,29,33,34,35].
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Figure 3. Relief of the expansive hydration zone developing on the anhydrite bottom of the gypsum quarry at Dingwall (north part of the central field, Figure 2) with examples of gypsification zones (a–initial; b,c–advanced; d–mature) and rock samples typical of these zones. Content of gypsum in the rocks was determined by microscopic observation (a,d) and the method described by Ługowski et al. [54] (b,c); (a)–sample of anhydrite collected from central part of the spheroidal weathering (cannonball) structure (from point marked by red arrow); (b)–sample of gypsum-anhydrite rock from the detached elevated layer (from point marked by red arrow) forming ceiling of the hydration Ramesh Cave (authors, A.J., F.V., D.Ł., as scale on the right photo taken on 24 September 2018); (c)–sample of gypsum-anhydrite rock dug from depth of ca 70 cm at the boundary of the western range of extent of the hydration tepee with internal cave called “Personal Grotto” (from place marked by red arrow); photo taken on 28 August 2019; (d)–sample collected 6 m above bottom of the quarry (from place marked by red arrow). Signs on the upper right side of the photos of samples: arrow–upward direction relative to the quarry bottom, X–view on the surface cut parallel to the horizontal plane. Panoramic photography of the quarry was made by author (A.J.) in September 2018 with usage of Unmanned Aerial Vehicle. 
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3. Terminology


The term structure was used for the macroscopic characteristics of the rock specimens and outcrops and means “the arrangement of the parts of a rock mass irrespective of scale, including spatial relationships between the parts, their relative size and shape and the internal features of the parts” [55] (p. 26). Rock structures were described using sample cuts and field observations. The description of structures was based on works concerning anhydrite rocks [56,57,58] and gypsum-anhydrite rocks [5,31,59,60,61].



The term fabric was used for microscopic observations to describe “the arrangement of crystals in a rock in terms of their sizes, shapes and crystallographic orientations” [62] (p. 565) (compare [63]). The anhydrite fabric was characterized based on the classification of Devonian anhydrite rocks from the Elk Point Basin in Canada [56], and supplemented by the work of Friedman [63], where the division of fabrics into equigranular and inequigranular was used. The description of the crystals was based on the classification of both gypsum and anhydrite, taking into account the shape and size of the crystals [60]. In addition, the description of fabrics types characteristic for inequigranular fabrics was used to refer to larger crystals within a fine-grained matrix [63].



The hydration of anhydrite is understood as a process of its transformation into secondary gypsum according to the reaction CaSO4 + 2H2O = CaSO4∙2H2O. The expression of that process in the geological record can be called gypsification of anhydrite when the gypsum under study is entirely the product of this process. According to Neuendorf et al. [64] (p. 289), gypsification means “development of, or conversion into, gypsum, e.g., the hydration of anhydrite”.



Gypsification of anhydrite is not a simple (volume by volume) replacement of anhydrite by gypsum, but is instead a more complex process, mainly because of the presence of pore spaces in the rocks. The expansive hydration of anhydrite can involve three basic mechanisms according to which newly formed gypsum crystals can gain space in the rock [31]: (1) in situ replacement of anhydrite by gypsum, or in other words replacive growth of gypsum; (2) growth of gypsum in pore spaces, i.e., cementation or growth as cement, known also as free growth, growth in open space (within pores); (3) displacement, or displacive growth of gypsum crystals, i.e., mechanical displacement of the surrounding anhydrite and/or gypsum crystals by surfaces of the newly growing gypsum crystals. Definitions of these terms and discussions of their physical meaning and of criteria of recognition are provided in many classical petrological publications [62,65,66,67,68,69].




4. Materials and Methods


4.1. Field Studies


Rock samples were collected during field trips to the Dingwall quarry in September 2018 and August 2019. Samples were taken from various parts of the anhydrite weathering zone, and particularly from the deformed part of the quarry bottom, documenting the most pronounced effect of volume increase. Among them, the samples taken from several detached rock layers creating hydration domes and tepee structures, including the largest dome with the inner Ramesh Cave, were crucial for macroscopic description (Figure 3b) [21,29,34,35]. Samples of the anhydrite bedrock were also collected from areas without any visible hydration deformations. The samples from the detached rock layers raised due to expansive hydration comprised the majority of collected material.




4.2. Laboratory Studies


The average gypsum and anhydrite percentage content in more than 100 samples was calculated from measurement of the volume and mass of the rock according to a simple and quick analytical method (hydrostatic method) based on the difference between the density of both minerals [32,54,70,71]. Measurements were accomplished both during fieldworks and laboratory works, with an approximate error of a few to several percent depending on estimated porosity of the sample and volume of water used for the determination of its volume. Correctness and reliability of the estimated average mineralogical composition of the samples was confirmed by microscopic observations and analyses described below. Mineralogical composition of the selected 11 samples was detected by chemical analysis using spectrometry ICP-EOS/ICP-MS (Bureau Veritas Commodities Canada Ltd., former ACME Laboratories Ltd., Vancouver, Canada), XRD (Faculty of Geology, Warsaw University), and Raman spectroscopy (Faculty of Chemistry, Warsaw University). Helium pycnometry method (Warsaw University of Technology) was used to compute the density of samples necessary to determine precisely the gypsum and anhydrite content. The part of analyses conducted in the field permitted more plausible recognition of the spatial distribution of both minerals in the outcrop, which was important for study of the structure of the hydration zone and proper sampling.



Rock samples were cut and polished to obtain smooth surfaces for observing the internal structures. More than 250 rock cubes ca 4.0 × 2.5 × 1.0 cm in size were prepared for such observations, and 47 standard thin sections were made from the selected cubes. Thin sections were investigated under both the polarized light microscope (Nikon Eclipse LV100POL, Nikon Eclipse E600POL, Nikon Co., Japan) using NIS-Elements Advanced Research software and the scanning electron microscope (Jeol JSM-6380LA, Zeiss Sigma VP, the Zeiss Group, Germany) using Bruker esprit 1.9 software. The SEM electron spectroscopy technique recording the reflected secondary electrons with the use of Jeol and Sigma recorders [72] was applied to observe the rock samples up to 1 µm scale. The samples for SEM observations were etched for 15 s in the running water. Back-scattered electron (BSE) images permitted the differentiation of gypsum and anhydrite in the samples. In the BSE images these minerals show very pronounced grey-level differences: anhydrite is bright, and gypsum is dark [73]. In addition to the obtained images of the rock surface, EDS point and areal analysis of the elemental composition were also carried out.





5. Weathering Zone and Bedrock


The studied weathering zone is bimineral in composition involving anhydrite and gypsum present throughout the site. The other minerals occur sporadically as accessory components constituting less than 2% of the rock mass. We did not find limestone beds intercalating gypsum and anhydrite, locally occurring dolomite crystals, ulexite veins infilling joints, and the beds of calcite nodules (1–6 cm in size) containing crystals of howlite inside (a mineral first discovered in Nova Scotia [74]), documented in the northern part of the site by Goodman [75]. The presence of gypsum and anhydrite was confirmed in the optical and scanning electron microscope (SEM), and also by EDS analysis, ICP-EOS/ICP-MS spectrometry, Raman spectrometry, and XRD. The majority of the gypsum-anhydrite rocks at the bottom of the quarry contained 40–80% gypsum (66% of the 112 samples analysed by hydrostatic and helium pycnometry methods). Only 4% of the samples represented nearly pure anhydrite (0–10% of gypsum) and 6% of the samples were nearly pure gypsum (90–100% of gypsum). Calcite, quartz and celestite were recognized by SEM, ICP-EOS/ICP-MS spectrometry, ICP-EOS/ICP-MS and XRD. Celestine (SrSO4) was found within both anhydrite and gypsum as randomly scattered irregular aggregates and single crystals (50 to 300 µm in size), predominantly anhedral in habit.



According to observations made 70 years ago by Goodman [75] (p. 13) anhydrite beds at Dingwall formed “a gentle dome which slopes off in all directions with dips of 5°–10°”. Recent observations indicate that the gypsum-anhydrite beds in the quarry show a variable strike, both straight and also curved and wavy. Layers are seen on the bottom of the quarry as more or less complicated folds (Figure 4e,f). The angle between the two fold limbs is often obtuse but also sharp (Figure 4e,f). In the plan view, in a horizontal intersection, the strike is most commonly directed NS or NE-SW and the dip is low, less than 30°, only in some exceptional places it attains 60° (Figure 2). In many places, layers are horizontal or nearly horizontal. The direction of layering is commonly disturbed by deformations induced by expansive hydration.



The rocks in the quarry are intensively fractured. The most prominent is a system of master joints composed of two and three sets (Figure 1e). The orientation of joints is approximately vertical. They are documented both in the rock walls that are several meters high and in the bottom of the quarry where deformations forming as a result of anhydrite hydration are common. Dense networks of other fractures occur in the studied site, most of them related to physical weathering. A prominent part of the fractures is connected with the deformations generated during volume increase of the weathering rocks. These fractures have formed and opened in the surface layer of the rock in places of occurrence of hydration domes, tepees, and ridges [21,34,35]. There are also fractures produced by quarry operations.



Anhydrite and gypsum exposed in the quarry are subjected to both physical and chemical weathering (Figure 1c). Physical weathering causes the fracturing and disintegration of the rocks into smaller blocks or pieces, accelerating their chemical transformation–karst dissolution and anhydrite hydration.



The chemical weathering of anhydrite involves its hydration, which has an expansive character. It generates the mentioned spectacular deformations at the bottom of the quarry. The process has been taking place under the influence of atmospheric (meteoric) waters [21,29]. These waters come into contact with the anhydrite at the surface and in the subsurface, particularly below the groundwater table (i.e., in the vadose and the phreatic zone). The anhydrite massif is prone to karstification and interconnected karst fissures present in this massif [52] certainly result in that the groundwater table being rather deep below the surface; however, surely not deeper than the sea level. Only in the lowest eastern part of the quarry is the water table is close to the surface (see cross-section in Figure 2). The water table within gypsum-anhydrite massif was 2–7 m below the surface in the boreholes situated 500–700 m from the quarry, at an altitude of 15–58 m a.s.l. [76].



Expansive hydration (expansive gypsification) is recorded within three fields: the western, the central, and the eastern field, on a total area of approx. 78 ha, extending 1850 × 1400 m (Figure 2). Fields are situated from 2.5 to 44.0 m a.s.l. A few ponds, up to several dozen meters in size, occur in local depressions several meters above the sea surface. Their location is probably determined by the groundwater table that falls towards the Atlantic Ocean. The small part of the weathering zone in the eastern field, located right next to vast wetlands, occupies the lowest terrain ordinates (2.5 to 7.0 m a.s.l.).



Based on macro- and microscopic observations the area of the weathering anhydrites can be roughly divided according to the degree of advance of gypsification into three zones: (1) initial gypsification (up to 20% of gypsum in the rock); (2) advanced gypsification (from 20% to 80% of gypsum in the rock); (3) mature gypsification (more than 80% of gypsum in the rock; Figure 3).



Initial gypsification is noticed sporadically in the sites of occurrence of almost unchanged anhydrite, where deformations and fractures related to the volume increase are not observed. These parts of the rock are almost entirely built by anhydrite with only a small amount of gypsum in and around the fissures.



The advanced gypsification zone is characterized by a variable gypsum/anhydrite content ratio that is characteristic for almost the entire quarry bottom, where numerous deformations, such as fractures, domes, and ridges, commonly occur, but also where the surfaces of the rock remain undeformed.



Mature gypsification zones are found in places exposed to the greatest impact of water, i.e., in the lower parts of elevated rock layers or blocks and in fractures or other places, like depressions and concavities of the quarry bottom, which collect water of meteoric derivation. Mature gypsification zones commonly contain fractures, open or filled with gypsum cement.



Nearly completely gypsified anhydrite rocks with an almost 100% gypsum content cover also the quarry walls, rising several meters above the quarry bottom, representing unexplored parts of the gypsum deposit. The greater degree of gypsification observed in the walls high over the bottom of the quarry is related to the hydration that started earlier, before the quarry mining operation. It can be presumed that, before 1933, the zone of hydration (gypsification) extended to a depth of more than 15 m in the studied area, like in the environs of gypsum quarries at Sugar Camp and Melford in the south part of Cape Breton [77]. Nearby the studied site, at Cape North (a town next to Dingwall), the gypsum deposits (gypsified anhydrite) covering the anhydrite bedrocks are 7.62 m thick [78]. The beginning of gypsification at Dingwall may extend back in time to creation of the characteristic schlottenkarren karst relief [79] that is present in the studied site. According to data from the Avon Peninsula of Nova Scotia similar karst relief was created already before the Last Glacial Maximum (before the Wisconsinan glaciation) or during postglacial times [52]. Water penetrating the upper part of the rock not only creates the karst surface but also percolates deeper and reaches the anhydrite rock, beginning the gypsification processes. In the Dingwall quarry area, numerous schlottenkarren forms of karst relief (i.e., dense network of funnel-shaped sinkholes draining into vertical cylindrical shafts) [52,79] were observed (Figure 1f and Figure 3d). Such more than 20 m deep narrow sinkholes were documented in the gypsum and gypsum-anhydrite rocks by Goodman [75], who noticed that “when a sink hole reaches anhydrite it goes no deeper” [75] (p. 50). In places, remnants of sinkholes up to 1 m deep are observed at the bottom of the quarry [35]. Locally, the bottom is covered by weathering debris, initial soil, and poor low vegetation which mask the image of rock structures. Artificial debris produced during mining and other quarry operations mainly occurs along the walls of the quarry and roads passing the site.




6. Structures


Structures of the rocks were described on the basis of macroscopic observations paying attention to different anhydrite and gypsum content. The presence of calcite was tested by diluted HCl acid. Anhydrite and gypsum were identified in the field by their well-known features (hardness, cleavage) with particular emphasis on the density measured by the hydrostatic method. Density measurements helped to identify the parts of rocks composed of gypsum, the parts composed of anhydrite, and the parts being a mixture of gypsum and anhydrite. However, in the field, the spatial distribution of these two minerals within very fine-grained rocks was difficult or impossible to determine, since both minerals look very similar. Structures were observed also on the cut surfaces of the rocks in the laboratory, where the distribution of minerals was easier to recognize with the help of microscopic observations.



Structures [55] were distinguished mainly on the basis of visual observations of the rock surfaces, taking into account their slight colour differentiation, resulting from a mineral composition, sizes of grains, porosity and other features.



Our observations confirm that, although it is impossible to distinguish with certainty gypsum from anhydrite in fine-grained rock only based on colour, the colour of the rock can give important information or suggestions concerning the distribution of the discussed minerals in gypsum-anhydrite rocks [9,80], and the presence of foreign admixtures. It is relatively easy to identify gypsum on the surface of fine-grained gypsum-anhydrite rocks when the gypsum forms massive and coarse-grained aggregates of crystals devoid of inclusions. The larger the crystals, the more visible such aggregates are. These places are remarkably darker than the surrounding rock composed of a very fine crystalline anhydrite and/or gypsum. Additionally, they can show lower hardness (2 in Mohs scale). The darker colour of gypsum results from the perfect transparency of large gypsum crystals [31,32,81,82]. In other cases, the determination of mineralogical composition based only on colour can be misleading. Contrary to the case described above, fine-grained gypsum can be remarkably whiter than the adjoining anhydrite, as has been documented by many authors (Figure 2 in [7]) (Figure 6A,B in [8]) (Figure 1A in [17]) (Figure 9 in [26]) (Figure 32 in [57] (p. 594)) (Figures 34a and 38 in [83]) (Figure 2 in [84]) ([85], pl. 1A) (Figure 4 in [86]). Porous fine-crystalline masses of gypsum crystals (with tiny intercrystalline pores) are usually whiter than the massive aggregates of the same crystals (e.g., [82]). The same is true for the fine-crystalline anhydrite (authors’ observations). Anhydrite can be present as a greyish, slightly translucent variety, as well as the milky, less translucent one. The homogeneous mixture of both minerals can show various colours being indistinguishable from pure gypsum or pure anhydrite varieties of these rocks. Nevertheless, colour differences suggest the presence of some mineralogical and structural differences, which require analytical studies.



Most generally, the observations permitted the recognition of four main structures: nodular, mosaic, massive, and layered (Figure 1d, Figure 3, Figure 4 and Figure 5), similar to these characterizing anhydrite rocks [56]. Open fractures are generally omitted in distinguishing these structures. Gradational transitions between all these structures are commonly noted. Additionally, many rocks are characterized by the presence of thin irregular wavy streaks with sharp ends or rows of patches of apparently different (usually darker like brownish, greyish) colours than the rock mass around them. These streaks commonly split and run along the margins of some nodules but do not form closed mesh nets as in the well-known chicken-wire structure [56]. We called these wisps, similarly to Holliday [87,88] and Shawkat [59], although they used this word for the description of the streaks of foreign non-evaporitic sediment within calcium sulphate rocks. According to Holliday [87] (p. 37), nodular and mosaic (chicken-wire) structure grades into a wispy structure that is defined by him as this “in which individual nodules are still more or less recognizable but the matrix no longer forms a continuous mesh and occurs only as thin discontinuous wisps”. The studied wisps are mostly composed of gypsum or gypsum and anhydrite.



The nodular structure is characterized by more or less homogeneous nodules (commonly 0.5–1.0 cm in size; or meganodules if ≥0.5 m; see [89]) which are round, oval, and irregularly elongated, and surrounded by masses of rocks of different structures, commonly of the mosaic structure (Figure 5d–f). Nodules occur separately. The smaller nodules merge into larger ones with a homogenized internal structure (Figure 4a and Figure 5h). The nodules never show the sharp cauliflower shaped margins that are typical of displacive anhydrite nodules (e.g., [90]), but are seen as patches with obliterated boundaries defined rather by the surrounding matrix. The nodules have a dark core surrounded by a lighter envelope or a white core with a darker envelope. Some nodules, also obliterated and indistinct nodules present in the mosaic structure, show a dark interior surrounded by a whiter envelope passing again into a darker zone in the most external part (Figure 4 and Figure 5d–h). These nodules appear to be composed of an anhydrite (or mainly of anhydrite) core surrounded by gypsum-anhydrite and a gypsum matrix. This type of anhydrite nodule seems to be of the secondary weathering origin connected with the way of hydration and represent parts of the anhydrite rocks more resistant to gypsification. Similar forms were called secondary anhydrite nodules by Shawkat [59] and Hunt et al. [26] described such forms as corestones of anhydrite.



The mosaic structure is composed of merged coalesced “nodules” however without sharp clear boundaries between them, as well as without a sharp external boundary. The cores of the nodules are commonly white or light in colour but in some places, they are light grey. They are generally more resistant to weathering and are surrounded by narrow streaks or wider masses of gypsum and gypsum-anhydrite mosaic rock which is clearly darker in colour (Figure 4a). Coalesced masses of nodules can be chaotically arranged or arranged in layers (Figure 5f).



The massive structure is seen as a more or less homogeneous surface without any distinguishable nodules or nodule-like forms, both separate ones or coalescing into mosaic (Figure 5a,k). However, the rock surface can be spotted in a more or less irregular manner.



The layered structure is easy to recognize by the presence of even, intercalating, light and grey bands representing layering (Figure 5e,g). They continue for many tens of meters in the quarry and clearly represent the primary bedding obliterated by diagenetic and weathering processes. Small-scale contorted bedding was recorded from Dingwall by Goodman [75]. Bands or layers show an internal relatively homogeneous (massive) or slightly nodular or mosaic structure (Figure 5f,h). The layered structure can be considered as a specific separate type of structure in which rather homogeneous layers (which define this structure) can show an overprint of the nodular or mosaic structure.



Previously described wisps can be present in each of the listed structures. In combination with these structures, they create the mosaic-wispy, the nodular-wispy, and the massive-wispy structures (Figure 5). There are also more complex combinations of these structures, such as, for example, the mosaic-nodular-wispy structure (Figure 5f). The layered structure wisps, as a rule, are concentrated along the surfaces of the layering. Gypsum wisps occur both in hydrated gypsum-anhydrite rock (Figure 5b,c,e,f,h), but are also randomly scattered in the interior of unhydrated anhydrite rocks.



All of the above mentioned structures and combinations of them appear in a mixed form and can be additionally subdivided into three groups of structures: the disordered structures (Figure 5a–d), the ordered structures in which parts of the rocks creating the structures are arranged in more or less visible layers (Figure 5e–h) and the structures disturbed by fractures (Figure 5i–l). The presence of fractures, empty ones, filled or partly filled with gypsum cement, is a characteristic feature of the latter structures (group of disturbed structures).



Gypsum-anhydrite and anhydrite rocks have been and still are the subject of ongoing physical weathering and hydration, which results in the formation of fractures (Figure 4b,d and Figure 5i–k). Fractures are commonly parallel or perpendicular to the detached surface rock layer (Figure 5i,j,l), but also are arranged irregularly (Figure 5j). The majority of these fractures seem to be related to the volume increase accompanying anhydrite hydration or to the physical weathering. The mentioned larger scale systematic joints (master joints) of tectonic origin running at a distance of many meters are also observed.



Macroscopic observations reveal that larger (>0.5 m) masses of anhydrite bedrocks, not subjected or partly subjected to gypsification, are found only in the form of spherical zones, irregular elongated nodules extending to several meters in length, and also as even beds (Figure 4b,c). Anhydrite in these places is characterized by a massive or massive-wispy structure, in places distorted by fissures and fractures that are empty or filled with white gypsum (Figure 3a and Figure 5b,k). The zone that separates this anhydrite from the anhydrite-gypsum and gypsum rocks is often clearly visible and marked by white and slightly grey colours that are different from the grey colour of anhydrite. The zone between anhydrite and gypsum-anhydrite rock is a gypsification front in the macroscopic sense (Figure 4b). A characteristic feature behind the gypsification front is the presence of a network of gypsum or gypsum-anhydrite bands or streaks increasing in number and thickening in direction outside the anhydrite zone as it is best seen in Figure 4a and Figure 5h. Such a feature is characteristic for the weathering and hydration zones of anhydrite in many regions of the world [5,8,26,31,32,38,39,91,92,93,94,95].



The other characteristic forms are separate masses of anhydrite-gypsum rocks occurring between vertical joints or fractures and showing features of spheroidal weathering (Figure 1d and Figure 3a). Corestone of anhydrite rock is surrounded by exfoliated gypsum-anhydrite crusts or shells. Similar forms, however evidently three-dimensional in shape, are known as anhydrite “cannonballs” from the outcrops of the Carboniferous Windsor Group evaporites in nearby Canadian New Brunswick Province [39]. They are developed in places where the anhydrite massif is cut by intersecting joints or fracture systems. These fractures are the way of water infiltration or flow and the cause of centripetal hydration of anhydrite blocks [5]. According to Webb [39,96] the spheroidal structures occur at the major gypsum-anhydrite hydration front close to the bottom of the anhydrite weathering zone. At Dingwall they are noted at several places at the bottom and walls of the quarry.



In several places in the site, rare peculiar flat layered or laminated deposits built of gypsum and anhydrite were identified (Figure 4d; layered, nodular structure in Figure 5l). Parallel lamination in this rock is cut by oblique parallel strips of gypsum, and anhydrite nodules appear at the intersection of the laminae and the strips. The nodules are elongated (flattened) parallel to the lamination. Some nodules are composed of a mosaic of several flatted nodules resembling rhombs or lenses in shape. Similar structures formed by “flowage” and gypsification along rhomboidal pattern of fractures in anhydrite cap rocks were described by Goldman [9].



The structures described above are common in the anhydrite-gypsum deposits which passed the burial-exhumation cycle and underwent two drastic mineralogical transformations during which the primary gypsum deposits were dehydrated and replaced by anhydrite in the diagenetic environment and later the originated anhydrites were hydrated and replaced by gypsum in the weathering zone (e.g., [59,86,87,88]). The structures recorded at Dingwall are interpreted as the result of such diagenetic and weathering transformations (dehydration and rehydration) which nearly entirely obliterated the primary features of the presumed original gypsum protolith (except of its layering).




7. Anhydrite and Gypsum Fabrics


Samples showing deformations related to volume expansion were the main object of fabric analysis. Samples with both only anhydrite composition, gypsum-anhydrite composition, and composed only of gypsum were analysed separately. They showed differentiated fabric clearly related to advance of gypsification in the weathering zone.



7.1. Anhydrite


Anhydrite representing the ungypsified bedrock occurs as accumulations of euhedral and occasionally subhedral elongated crystals, ranging in size from 5 to 500 µm, similarly to many other ancient anhydrite deposits (e.g., [57,90,97]). The crystals are most often lath-like, and are rarely barrel-shaped with convex side faces. They form massive, almost non-porous fabric; slightly higher porosity appears in places close to larger open pore spaces, like fractures. The fabric is inequigranular, and the crystals are roughly divided into two groups in terms of sizes, the crystals with a length of 5–50 µm (Figure 6a–c) usually constituting 60–80% of the rock and the crystals 50–500 µm long irregularly arranged within the samples (Figure 6b,d–f).



The crystals form disordered and ordered fabric. In disordered fabric, they show variable sizes and different orientations with respect to each other. Most commonly, the lath-shaped crystals are arranged in an orderly fashion with an elongation parallel to each other, touching each other with flat side faces, which is known as face-to-face orientation [90]. Crystal boundaries are often straight and even, and are rarely serrated. A pile of brick fabric [98,99] is observed in some places. The anhydrite laths show also decussate fabric typical of many anhydrite deposits (Figure 6e) [60,90,97]. Sub-parallel elongated crystals arranged in a wavy manner, as in the felted-aligned fabric [56,83,97], are equally frequent. Locally anhydrite laths are arranged radially (similarly as in fabric documented by Aleali et al. [100] (Figure 6k in this paper).



In general, a typical feature of the anhydrite before gypsification is compact fabric without visible porosity (Figure 6a). The most densely packed crystals are found within the anhydrite nodules and meganodules which apparently were not subjected to weathering and disintegration due to their massive fabric blocking the access of water. Porosity outside nodules appears in the form of gaps or irregular small voids between the crystals (Figure 6c) and as fractures and tiny fissures running along the cleavage within the crystals (Figure 6h).



Anhydrite not subjected to gypsification is also characterized by some deformations, like breaking, displacement and rotation of the crystals. Larger crystals are fractured along the cleavage planes and show narrow intracrystalline pores within the fractures. Fractured crystals formed structures resembling brushes (similar to those recorded at Pisky) [31], where the crystals are split off on one side (Figure 6d–f). The crystals are often fragmented transversely to their elongation and crystal fragments are displaced forming folds or forms resembling tepee structures (Figure 6f), also known from Pisky [31]. Zones of crumbling, composed of fine crystal fragments, are present as well (Figure 6d,f).



Similar deformations and fractures are relatively common in anhydrite deposits [31,97]. Their origin is presumably related to mechanical breakage caused by compaction during the reduction of bed thickness which accompanied the transformation of the primary gypsum into anhydrite [2,28,31,101].




7.2. Anhydrite and Gypsum


Samples containing anhydrite and gypsum show many features typical of the zones of anhydrite gypsification, such as inter-grain and intra-grain mesh fabric (e.g., [31,102]). Gypsum occurs within anhydrite in the form of thin veins or a network of veins running along grain boundaries (in the inter-grain mesh fabric; e.g., Figure 6g,h) and across anhydrite grains along their cleavage planes (in the intra-grain mesh fabric; e.g., Figure 6k). Monomineral composition, the shape of some veins having sharp external boundaries which fit themselves, and their relatively constant thickness suggest that such veins represent fractures filled with gypsum [103].



The larger anhydrite crystals “cut” by networks of gypsum “veins” running parallel and subparallel to anhydrite cleavage planes in the intra-grain mesh fabric provide the best insight into the formation mechanism of gypsum in this fabric. Coarse-grained anhydrite crystals are fragmented and their pieces are separated mainly along the three directions of anhydrite cleavage: the perfect, the very good, and the good cleavage. Because the cleavage planes intersect at right angles, the anhydrite fragments are commonly cuboids which are usually seen as rectangles on the surface of a thin section plate. The spaces between the more or less separated rectangular anhydrite fragments are occupied by fine-grained secondary gypsum. In many cases, these fragments perfectly fit each other, like jigsaw puzzle pieces, and can be collected together to form the original anhydrite crystal (Figure 7). This gives the impression that the anhydrite fragments moved apart and now the anhydrite occupies more space than before. Anhydrite fragments surrounded by gypsum are observed both in a parallel position and slightly displaced, with rotations by a few to several dozen degrees and relocations by even more than several µm. Some adjacent separated anhydrite fragments are sometimes connected by more or less displaced and rotated thin cleavage fragments of anhydrite that remain attached or nearly attached to both crystals, forming a kind of bridge between them (Figure 7). By analogy to similar structures in mineral veins formed by fragments of the wall rocks included in the vein (Figure 4 in [104]), it can be proved that the gypsum in the space between the anhydrite fragments was not formed by replacement of the anhydrite [104] (p. 66) but occurs in free space created by the separation of anhydrite fragments [31] (p. 293). The cleaved fragments of anhydrite were separated from the parent anhydrite crystal by the continued growth of gypsum [104] (p. 65). This gypsum supposedly represents displacive growth or, partly free growth as cement (like in the example illustrated by Mossop (Figure 76 in [105]). The occurrence within the zone of expansive hydration of anhydrite strongly supports the view that it was displacive growth. Displacive growth of gypsum in one, two or three perpendicular directions is thus the direct reason for the volume increase.



In many other cases, the anhydrite fragments dispersed within the large volume of gypsum are small, subhedral and anhedral. Their boundaries do not fit each other because they were partly “consumed”, replaced by gypsum. Lack of such fit can be treated as evidence of replacement [66,104] (p. 134). Also, the fragments of anhydrite showing good fit present evidence of replacement. The originally sharp edges of rectangular cleavage fragments are rounded due to replacement of the corner zone by gypsum (see “replacement effect” in Figure 7, and ([31], Figure 5e,f). In places, gypsum replacing and/or displacing anhydrite along its cleavage planes show traces of the perfect 010 cleavage parallel to orientation of the traces of the cleavage planes of the anhydrite (Figure 6h). Such relations indicate that the gypsum crystallized forming the epitaxial intergrowth with anhydrite [31,91]. Locally, the anhydrite is replaced by gypsum in a pseudomorphic manner (Figure 6h,j) without changing the original crystal shape outline [106]. The course of pseudomorphic replacement of anhydrite by gypsum is well visible when a grain of anhydrite is replaced only partly by gypsum (Figure 6h,j). All of these observations indicate that gypsum replaces anhydrite and also grows, displacing the anhydrite fragments and/or crystallizes as cement in open spaces between them.



Towards the zones entirely composed of gypsum, the number of anhydrite decreases. Gypsum crystals surround the untransformed relics of anhydrite crystals. Such anhydrite can occur in the form of small anhedral crystals with a size of up to several µm, but also as larger crystalline aggregates or individual crystals with sizes above 100 µm. In the more gypsified zones, gypsum crystals up to 100 µm in size occur within a matrix composed of smaller gypsum crystals 5–20 µm and some dispersed anhydrite.



Porphyrotopes of secondary gypsum surrounded by massive impermeable anhydrite were not observed.




7.3. Gypsum


The gypsum formed by gypsification of anhydrite is predominantly fine-grained and composed of anhedral crystals, ranging from a few to 30 µm in size. Such sizes are typical of the alabastrine secondary gypsum, being the product of gypsification of anhydrite (<100 µm) [89]. The crystals form xenotopic fabric (Figure 6m,n) [63] that is characteristic of the secondary alabaster [14]. The secondary gypsum crystals are generally smaller than the crystals of the parent anhydrites. Within this type of gypsum, fractures and pores up to several dozen µm are observed partly infilled with coarse-grained gypsum cement (Figure 6o). This gypsum is the most common in the studied rocks.



The less common type of gypsum is coarse-grained with crystals, from a few to about 20–300 µm in size also showing xenotopic fabric (Figure 6m,j). Gypsum pseudomorphoses after anhydrite are recorded in this type of gypsum.



Most easily recognizable gypsum cement infills the fractures, and the fractures in the detached and upraised layers are opened due to expansive hydration of anhydrite (Figure 6o). Crystals in the fractures and voids are oriented with elongation perpendicular and subperpendicular to their walls in the manner typical of cements [62], but also showing irregular orientation, infilling the entire free space or creating bridges connecting the opposite walls. These crystals are usually larger compared to the other gypsum crystals. Their length ranges from several to 300 µm and, in places, up to 1000 µm. Crystals occupying central parts of the infilled pore spaces are the largest, which is a feature typical of cements [62]. They show subhedral to euhedral, and rarely anhedral, habits, and form idiotiopic, hypidiotopic, and, less commonly, xenotopic fabric. Both small and large intercrystalline pores are common within such gypsum cements. In horizontal fractures, crystals of gypsum cement occur mainly attached to the lower walls of the fracture. The upper walls are free or only in places covered with a smaller amount of gypsum cement.





8. Gypsification Zone


The surface of anhydrite and gypsum rocks in the quarry is undergoing intensive karst dissolution due to direct and frequent contact with running water of the atmospheric derivation. This has led to the development of spectacular gypsum and anhydrite karren [33,36]. According to our observations, dissolution processes dominate on the exposed surfaces of the rocks and gypsification of anhydrite does not occur directly on such surfaces, which was already noted by Goodman [75]. Schlottenkarren and open large fractures with exposed walls, like some vertical joints, are not able to store water necessary for hydration of anhydrite. They are good conduits that transport the water deep down in the weathering zone. The water can escape from the surface zone before reaching saturation or supersaturation with respect to the gypsum necessary for gypsification [107,108]. The surfaces of such fractures and joints are thus not the best sites for gypsification.



Gypsification develops within the anhydrite bedrock mainly in places favourable to the influx or infiltration of water, and to storing it for some time, such as small semi-closed fractures or networks of intercrystalline pores. It seems that very thin fractures or narrow lower ends of some larger fractures or pore voids are especially favourable for gypsification because of their ability to collect and store the water needed for the hydration reaction. This water can infiltrate from such places into a surrounding more massive anhydrite rock, promoting the gypsification processes. Therefore, as a rule, around thin fractures and nets of intercrystalline pores, the gypsification zone develops (in the microscopic sense) with a very characteristic structure described below. More advanced or complete gypsification is observed in the interior of such places whereas outside of them the effects of gypsification gradually disappear. These places can be both the starting point for anhydrite hydration and also the endpoint when they are sealed with newly crystallizing gypsum in the process called “self-sealing” [107,109,110,111,112,113]. It seems that the crucial process for the further advance of gypsification is the creation of the new places with suitable porosity (narrow fractures or intercrystalline pores) within anhydrite and gypsum-anhydrite rocks.



Fractures are a key factor in the migration of aqueous fluids. Actively forming and opening fractures in the anhydrite bedrock are thus most important for the start and advance of gypsification. They can be produced by physical weathering and also by stress in the rocks related to expansive hydration. Some fractures in the anhydrite bedrock do not show the influence of gypsification and appear to be formed directly by recent weathering. Their spatial distribution is most often vertical and horizontal, but also oblique. Some of them have an opening of a few µm wide and are potentially good places for the start of gypsification. The atmospheric water slowly migrates through such fractures, which is a necessary condition for initiating gypsification of the anhydrite [107,108]. Because, as a result of gypsification, the volume of anhydrite-gypsum rock increases, such fractures can become much wider than observed before gypsification. Crystallizing gypsum can also partly or entirely seal them. The ongoing expansive hydration can generate new fractures which can evolve in the same way. Gypsification zones develop around such fractures.



The characteristic microscale zones related to the advancement or direction of gypsification are very similar to the other gypsification zones; for example, those described from the Triassic anhydrites in Switzerland undergoing expansive gypsification in tunnels [95], or those recorded at Pisky [31].



The gypsification zones comprised of gypsum and/or anhydrite are characterized by the order of occurrence of both minerals, depending on the degree of transformation and the resulting spatial relations of both minerals (Figure 8). Going from the area without any effects of gypsification, the following parts of the gypsification zone can be distinguished: (1) anhydrite with unchanged fabric, generally without porosity except fractures; (2) anhydrite with microporosity, particularly around some fractures; (3) anhydrite partially replaced by gypsum, mostly along the grain boundaries (in this part the volume of anhydrite is larger than the gypsum volume); (4) anhydrite replaced by gypsum with anhydrite relics in the form of single crystals and islets of crystals scattered within gypsum (the volume of anhydrite is here smaller than the volume of gypsum); (5) exclusively gypsum, without anhydrite.



The described sequence of changes in the transition zone from anhydrite to gypsum is commonly gradual and extends in space to a length of several millimetres or centimetres. However, often, the sequence is shortened and one part (or more than one part) of it is omitted, e.g., the microporous anhydrite. For example, it is commonly observed that the gypsum part of the rock contacts with the anhydrite part almost directly only with a narrow strip of interlocking minerals several µm in thickness along with the contact (Figure 8a). This situation occurs most often in the case of single gypsum veins penetrating the massive anhydrite in places where this rock was previously fractured. In other cases, the typical sequence of mineral occurrence is observed. The narrow boundary between the gypsum and anhydrite part of the rock described above (Figure 8a) shows very well the range of influence of the water fluids on the transition of anhydrite into gypsum and represents the gypsification front in the microscale (Figure 8a,c) [31]. The gypsification front is defined here as the first occurrence of secondary gypsum among the anhydrite rock [95].



As gypsification progresses, the zone occupied exclusively by the gypsum widens. It is especially well seen around some fractures evolving into gypsum veins. The walls of such fractures are composed of gypsum. Their central part is commonly opened and a certain amount of gypsum is crystallized there in the form of cement. Such veins penetrating the anhydrite rocks are similar to the so-called replacive gypsum veins described by Shearman et al. [114], who suggested that term to distinguish such veins from the veins formed exclusively by replacement—the replacement veins.



The replacive veins occur only within anhydrite and show dual origin; the external part of them is created by the replacement of anhydrite by gypsum and the internal part is a fracture filling formed by cementation [114]. The studied veins differ from the replacive veins because the external parts of the former ones can show evidence of both replacive and displacive gypsum growth, as proved above. Therefore, they show also, at least locally, a character of displacive veins [5]. Such a type of veins is typical of the zones of expansively weathering anhydrite [31]. Hilgers and Urai [115] proved that in the syntectonic growing fibrous veins of gypsum the “crystallization force” of that mineral can participate in the driving forces opening such veins. According to them the opening of the fibrous gypsum veins by “force of crystallization” cannot be excluded, as previously suggested by Taber [104] (see, [116,117], for a discussion of his theory).




9. Model of Anhydrite Gypsification


Based on macro- and microscopic observations and literature data, the gypsification model of anhydrite rock with a negligible porosity value is proposed, consisting of five stages (Figure 8e and Figure 9). The hydrogeological conditions are assumed in accordance with those prevailing at Dingwall, and are characterized by good variable availability of rainfall and snowfall. Fresh water soaks into the rock during rain and snow melting. The water table is below the zone of gypsification. The gypsification is gradual and irreversible and the duration of the stages is variable.



In the first initial stage (the fracturing stage), the anhydrite is massive and dense without significant intercrystalline porosity. It is assumed that occasional fractures intersecting this anhydrite appear as a result of physical weathering, stress induced by expansive hydration of anhydrite in the vicinity, or other factors (first stage in Figure 9). Opening of the fractures allows free access of water to the rock interior.



In the next stage (the dissolution stage), fresh water begins to dissolve anhydrite crystals in the most accessible places, slightly widening the fractures and fissures. The crystallization of gypsum does not yet start because supersaturation of solution with respect to gypsum is not achieved (second stage in Figure 9) [107,112]. A network of narrow intercrystalline pores running along the crystal boundaries develops locally in the anhydrite surrounding the fractures and spreads into the massive anhydrite rock. Larger crystals break and dissolve along the cleavage surfaces. In this stage, a mosaic of two types of anhydrite is formed; the massive anhydrite and the anhydrite with greater porosity which includes fracture and intercrystalline porosity (Figure 9) [118]. The porous anhydrite forms a network penetrating the massive anhydrite. The causes of appearance of the intercrystalline porosity in the anhydrite (documented at Dingwall within gypsum-anhydrite rock with nodular structures directly nearby and around the massive anhydrite nodules; Figure 6c and Figure 8e) remain enigmatic. The similar inter- and intracrystalline porosity “opened for gypsification” and occurring just in front of gypsification zones was recorded in the anhydrite cap rocks by Goldman ([9], p. 28, pl. 62, Figure 1). He attributed the origin of this porosity to tectonic forces acting in the cap rocks. The similar intercrystalline (grain boundary) and intracrystalline (cleavage) porosity is easily produced in gypsum rocks subjected to deformation [119]. In the case of Dingwall the intercrystalline porosity can be the product of weathering facilitated by the presence of fractures in the vicinity. Auvray et al. [120] described the increased porosity produced by dissolution by vapor and/or liquid water within the 1.5 thick weathering zone developed on gypsum pillars in underground mines.



In the third stage (Figure 9), the water fluids continue to penetrate and dissolve the anhydrite along with the previously initiated pore spaces increasing the permeability of these zones. The permeability increase by dissolution may be accelerated by the faster flow rate of fluids taking place in wider fractures [107,121]. When the water in pore spaces reaches the state of supersaturation with respect to gypsum, the dissolution of anhydrite can be accompanied by the crystallization of gypsum [107]. Gypsum is crystallizing directly on the anhydrite surface, which may reduce its dissolution rate [109,112]. During gypsification, smaller anhydrite crystals convert to gypsum faster than the larger ones [18,31]. Gypsum is crystallizing through replacive and/or displacive growth, and also in the form of cement. Physical weathering leads to the further development of fractures and zones of intercrystalline porosity, which can be also generated by stress connected with the displacive growth of many gypsum crystals [31]. Displacively crystallizing gypsum promotes the increase in volume, enlargement of the existed fractures and the development of new fractures, fissures and voids. They together increase the permeability of the rock driving its further hydration. Thus there is feedback between the displacive growth of gypsum, the opening of the fractures, and the hydration of anhydrite which drives this displacive growth [31]. The important feature is that gypsification takes place in a rigid material (the massive anhydrite), which affects the nature of the transformation, preventing the escape of fluids saturated with calcium sulphate and raising the possibility of volume increase of the rock [65]. Massive anhydrite is still present and occupies smaller parts of the rock, decreasing to round, oval and less regular nodules or more irregular blocks (Figure 9).



The fourth stage results in further transformation of the anhydrite into gypsum (Figure 9). Gypsum extends its range at expense of anhydrite. The massive anhydrite remains as small separated relics. Displacive growth of crystallizing gypsum generates stress in the rock leading to its deformations and volume expansion. Fractures generated during this process again increase the permeability of the rock and become the site of gypsification and the displacive growth of gypsum. During the migration of calcium sulphate saturated fluids, some of them may escape from the system leading to a reduction in the effect of volume increase. The escape of fluids can be reduced by self-sealing [112].



In the fifth stage (Figure 9), the water fluids penetrate deeper into the rock, leading to gypsum crystallization by replacement and/or displacement and also in the form of cement. Water also penetrates the zone of newly formed gypsum and the fresh water can dissolve this mineral before reaching the unchanged anhydrite. Pore spaces, fractures, and crevices may increase due to the migration of fresh water fluids, but when the solution is supersaturated with respect to gypsum this mineral can crystallize, partially or completely sealing the pore voids. The proportion of gypsum and anhydrite changes in favour of gypsum. Anhydrite occupies smaller and smaller areas.



The transformation of anhydrite into gypsum during the third, fourth and fifth stages (the dissolution-crystallization stages) will proceeds until the thermodynamic equilibrium is achieved [111], i.e., when all the anhydrite present in the rock is converted to gypsum. At the end of this process (at the final equilibrium stage) the water solution will become saturated with respect to gypsum [122]. Then, only gypsum dissolution and karstification will take place.




10. Conditions of the Expansive Gypsification at Dingwall


The petrographic investigations prove that the basic mechanism responsible for volume increase in the zone of weathering anhydrites is the displacive growth of gypsum. This mineral commonly grows in a displacive way (e.g., [123,124,125,126,127]). Clear gypsum crystals grown within clays were indicated as the best evidence and, simultaneously, the proof of the displacive mineral growth by early petrologists [65] and many examples of such gypsum crystals were described.



Following the authors who studied the expansive hydration of anhydrites [22,111,128,129,130,131,132,133], we relate the displacive growth documented at Dingwall to the action of gypsum crystallization pressure [104,115,134,135,136,137,138,139,140] or “force of crystallization” of that mineral (we avoid using this letter term because of its possible ambiguity, [141], and inaccuracy, [117,142,143]). It is known from experiments and theoretical considerations that the value of the crystallization pressure depends mainly on the level of supersaturation of the solution. Crystallization pressure (or crystal growth pressure) is rising with supersaturation and it is the supersaturation of the solution which is considered as the main driving force inducing the crystal growth pressure. Both values, however, are very difficult or impossible to measure directly within the tiny pores (nanopores) inside the rocks. However, the crystallization pressure can be theoretically calculated. Keulen et al. [130] measured the force of crystallization developed during hydration of anhydrite to gypsum and related it to a pressure of 11 MPa. Theoretical calculations made by Serafeimidis [111] and Serafeimidis and Anagnostou [133] suggest that this pressure for crystallizing gypsum in the closed system at a temperature of 20 °C is very high—in the range of 20–50 MPa. Also, calculations by Chen et al. (Figure 8 in [144]) for the same temperature show that the crystallization pressure of gypsum rises rapidly with supersaturation, attaining ca 5 MPa already for a degree of supersaturation that is equal to 1.2, ca 10 MPa for a degree slightly lower than 1.4, and ca 15 MPa for a degree of supersaturation of about 1.6. Crystallization pressure, theoretically, overpasses 50 MPa for a degree of supersaturation that equals 5. On the other hand, experimentally designated tensile strength of the typical anhydrite rocks may range from 5.3 to 11.4 MPa on average [7] (Table 2 in [145]) [146]. From these values, it is evident that already at a low degree of supersaturation (e.g., >1.2–1.6), the generated crystallization pressure of gypsum will be able to induce sufficient tensile stress to cause fracturing of the unconfined anhydrite rocks, such as those present at the surface of the weathering zone at Dingwall quarry, provided that these rocks have a typical tensile strength. Gypsum rocks are even easier to break because their tensile strength is generally much lower than the tensile strength of anhydrites [2,145,147,148].



Gypsum crystallization pressure has a direct influence on the measurable swelling pressure of hydrating anhydrite rock samples as well as the swelling pressure detected in the rock massif in the field [111]. Gypsum crystallization pressure acts locally in the nano- and microscale [149]. The swelling pressure “develops when the volume of a rock specimen containing gypsum crystals is kept constant” [133] (p. 4993) and reflects the ability of the given rock to expand. The swelling pressure of hydrating anhydrites is considerably lower than the crystallization pressure of gypsum. The measured values of the swelling pressure of hydrating anhydrite rocks range between 1.7 and 16 MPa [20] and probably the comparable values of this pressure have been developed at Dingwall.



The water solution taking part in the hydration of anhydrites at Dingwall presumably has a very simple chemical composition. This water is of the atmospheric derivation and thus originally contains a negligible amount of soluble components which can be practically omitted. In contact with the anhydrite and gypsum rocks, its composition changes into calcium sulphate solution due to the dissolution of these rocks which is relatively rapid. At the beginning of this process gypsum will dissolve much faster than anhydrite [107,122,150,151]. The hydrochemical conditions in the zone of expansive hydration at Dingwall can be thus relatively well represented by pure calcium sulphate solution.



The course and advance of gypsification and its distribution in the rock massif depends primarily on the properties of the anhydrite and gypsum-anhydrite bedrock, such as permeability, and other features, e.g., sizes of anhydrite crystals [18,152]. The permeability is of primary importance [153]. As already described, the access of water to anhydrite massif is provided mainly by fissures and zones of increased intercrystalline porosity. The rate of flow or seepage through these fissures and increased porosity zones is an important factor controlling where the gypsification can take place. When the fissures are not obstructed and the water can flow freely through them, the rate of flow will depend on the fissure width. In wide fissures the rate of water flow is generally more rapid than in the narrow ones and, therefore, in the wide fissures the solution escapes from the anhydrite massif before reaching the state of calcium sulphate saturation (equilibrium concentration) [107]. Such fissures cutting anhydrite rocks remain free of secondary gypsum although gypsum can locally crystallize in them due to evaporation of calcium sulphate solution. They undergo intensive karstification and became sites of development of sinkholes (schlottenkarren) or karst caves. In the very narrow fissures the flow is so extremely slow that the fissure filling solution readily becomes saturated and supersaturated with calcium sulphate (gypsum) before leaving the fissure [107,154]. The zones of increased permeability can be treated similarly as these fissures, however transport of ions in the pore waters by diffusion will be dominant in these zones. Gypsum will tend to precipitate in such places within dissolving anhydrite rocks, leading to their gypsification.



The hydration of anhydrite to gypsum is a two-step reaction and involves the dissolution of anhydrite and crystallization of gypsum [155,156,157]. During gypsification, the dissolution of anhydrite precedes the crystallization of gypsum, or both reactions take place simultaneously [110,151,158,159]. Dissolution of anhydrite in the diluted water solution can be accompanied by dissolution of gypsum if this mineral is present. The precipitation and growth of gypsum will start when the level of saturation (concentration) of calcium sulphate in the solution is higher than the solubility of that mineral (i.e., its equilibrium concentration). It is known that for temperatures 0–30 °C, common in the study place, the saturation will be higher than roughly 2 g/L, and the crystallization of gypsum will be slightly easier at temperatures closer to 0 °C because the solubility of gypsum in this temperature interval is the lowest (Figure 10) [160]. The anhydrite will continue to dissolve in such temperature conditions until the rising saturation with calcium sulphate does not attain a certain limiting value closer to its solubility (equilibrium concentration) which is remarkably higher than the solubility of gypsum, particularly at temperatures lower than 20 °C (Figure 10) [110,157]. In such an environment the “anhydrite will dissolve to yield a solution supersaturated with respect to gypsum” [161] (p. 708), and gypsum will nucleate or grow on seeds of that mineral as long as they are present in this environment [110,132,158]. The process leads to the crystallization of the mineral with the lower solubility (gypsum) which is thermodynamically more stable under the given conditions (e.g., [159]). Deeper insight into details and complex theoretical aspects of the processes of the anhydrite solution and gypsum crystallization and of the development of crystallization pressure is to be found in the publications by Steiger et al. [138], Otálora and Garcia-Ruiz [162], Van Driessche et al. [160], and Alonso et al. [163].



The gypsification of anhydrite is a process that is strictly dependent on temperature. Ignoring the influence of pressure, which is minimal in the weathering zone, the process of anhydrite dissolution and gypsum precipitation is possible in this zone only within the temperature range in which the solubility (or equilibrium concentration) of anhydrite is higher than the solubility of gypsum, i.e., between 0 and ca 42 °C (Figure 10) [16,164]. For natural conditions at Dingwall, this temperature range can be narrowed to 0–30 °C, as assumed above (30 °C represents arbitrary estimated summer temperatures; Figure 10b). The described temperature conditions are the boundary ones for both precipitation and the growth of gypsum as cement and the replacive and displacive growth of that mineral at the expense of anhydrite in the studied site.



10.1. Fracturing and Expansive Hydration


Ancient anhydrite rocks, particularly those which were deeply buried, are characterized by a very low porosity ranging from 0 to less than 5%, commonly only about 1% or less [165,166]. Many anhydrites are practically impermeable. Massive anhydrite from Dingwall shows negligible porosity, determined by the helium pycnometry method, reaching values even below 0.1%. Slightly gypsified anhydrite rocks show a higher porosity; for example, in five samples with a gypsum content of up to 10%, the porosity was computed in the range from 0.4% to 2.1%. When the anhydrite is massive, the water is not able to penetrate the rock due to its very low permeability and the gypsification is arrested [167]. As described in the introduction, hydration of anhydrite in the system open to inflow of water is a chemical reaction in which a solid molecular volume increases. It belongs to a group of replacement reactions taking place in the lithosphere, which potentially generate stress sufficient to the fracturing of the massive rocks in the process called reaction-induced fracturing (e.g., [168,169,170], with references therein). The crucial feature of these reactions is that at an early stage the reaction-driven fracturing accelerates the rate of reaction by increasing the reaction surface area. The fracturing may occur on a scale of mineral grains (microscale), as well as on a scale of rock samples and outcrops (macroscale). The fracturing related to the hydration of anhydrite can be analysed and better understood according to this currently developing concept [170]. For example, the weathering anhydrites at Dingwall and other similar sites typically show a hierarchical order of fractures and associated gypsum veins pattern with common fractures or veins meeting at angles close to 90° (Figure 4a) ([35], Abb. 5), which is characteristic of the fracture-induced reactions [169,171,172,173,174].



The fracturing accelerating the hydration recorded at Dingwall is interpreted as being driven mainly by displacive growth and the crystallization pressure of gypsum which is a product of hydration. Undoubtedly the displacive growth of gypsum leading to the generation and opening of the fractures is so effective because this mineral is the product of the described hydration reaction. As such a product, it requires more space for in situ formation than the volume of the dissolving massive anhydrite (with negligible porosity), being a solid substrate of the hydration reaction.



We suppose that at the nano- or microscale, the displacement and fracturing process can start in the dissolution pits at the surface of the anhydrite grains in a way similar to some volume-increasing replacement dissolution-precipitation reactions ([174], with references therein). “If the supersaturation with respect to the precipitating phase is high, there will be enough chemical energy available for the precipitating material to exert a mechanical stress on the reacting grain, and cause fracturing, when precipitation is confined within dissolution pits and wedges…” [174] (p. 31). A nanometre-scale confined water solution film between the anhydrite and gypsum crystals will allow the reaction to continue. The shape or pattern of anhydrite etch pits is generally parallel to their cleavage planes (e.g., [155,175,176]). Displacive crystallization of gypsum initiated within such pits can lead to or facilitate the splitting and fracturing of anhydrite along the three perpendicular directions of cleavage (as recorded at Dingwall, Pisky and elsewhere) by the growth of gypsum initiated within such pits (see Figure 7a in [174] for comparison).



As already stated, the fracturing recorded in the studied weathering zone is not only the result of hydration. It can be also caused by some other factors of physical weathering that are active at this site; for example, those related to frost weathering (e.g., [177]). It is known that many fracture-generating factors operate in the weathering zone and, as a rule, they do not act separately, but together.



Aside from natural factors, there are also additional artificial (anthropogenic) factors causing fracturing. These factors have been acting since the beginning of the quarry operation. The volume increase (swelling) of the weathering anhydrites at the quarry bottom could be initiated by the brittle failure of unloaded rocks [178,179,180] and the fact that “after excavation, stresses are reduced around the excavation to a value lower than the crystallization pressure of gypsum, enabling gypsum precipitation and, thus, swelling” [20] (p. 1542). Fractures could be also produced directly by machines working during exploitation.




10.2. Advance of Gypsification and Related Processes


The volume increase at Dingwall is evidenced by the presence of deformations visible macroscopically, as domes, tepee-shaped forms (Figure 1c,d) and associated open fractures (Figure 1d, Figure 3, Figure 4 and Figure 5i–l), but also microscopically in the form of similar fractures and fissures (Figure 6n), and, in particular, by the structures indicating the separation of anhydrite crystals and fragments of crystals by the displacive growth of gypsum in mesh fabric (Figure 6l and Figure 7). On the other hand, locally occurring undeformed pseudomorphs of gypsum after anhydrite (Figure 6h,j) evidence that the transformation of anhydrite into gypsum was equal-volume in these places (Hutchins in [153]), [5]. Thus the degree of volume increase of gypsified anhydrites is spatially differentiated and in places is close to 0, which means that the rock remains undeformed at such places. However, in many cases, we were unable to assess which mechanisms of anhydrite gypsification dominate in the rock: displacement, replacement or cementation by gypsum, and, consequently, it was difficult or impossible to estimate the percentage of the volume increase.



Locally observed pseudomorphic or partly pseudomorphic replacement of anhydrite by gypsum indicating replacive growth without volume change [65] suggests the escape of some calcium sulphate solution from that place (e.g., [14,15]). The “escaping” calcium sulphate could probably crystallize in the form of gypsum cement filling in the nearby fractures or other pore spaces. Such gypsum cements enhance the effect of self-sealing, contributing to the complete closure of the pore spaces, blocking the contact of anhydrite with water and thus inhibiting and stopping the hydration process. Sealing by direct crystallization of gypsum on anhydrite reduces the reactive surface area of the crystals and thus inhibits anhydrite dissolution [111]. Complete sealing of anhydrite by newly crystallized gypsum slows down or even stops the dissolution of anhydrite, which can be removed only by diffusion, which is effective only on very short distances [110]. Consequently, also the crystallization of secondary gypsum (gypsification) can be arrested.



In general, the crystallization of gypsum in the anhydrite weathering zone can occur in situ at the place where the anhydrite was dissolved, or outside the dissolved anhydrite in other parts of the rock. At Dingwall, the first type of crystallization is clearly dominant, as evidenced by the predominant fine crystalline gypsum of anhedral habit replacing or displacing the anhydrite crystals or their fragments. On the other hand, gypsum in the form of euhedral crystals forming cement was identified in smaller quantities, and their euhedral habit testifies to crystallization in free space and without interaction with anhydrite at time of its formation. The amount of gypsum cement can indicate a degree of escaping excess calcium sulphate.



The porosity and permeability of the rocks have the greatest influence on the course of gypsification. As outlined above, there are two opposite processes which control the permeability of the weathering anhydrite and advance of gypsification. Fracturing and dissolution by infiltrating fresh water enhance the permeability and drive the gypsification. Gypsum crystallization leading to self-sealing effect decreases the permeability and inhibits the gypsification. Since fracturing can always result from constantly active external factors related to physical weathering; self-sealing will not stop the gypsification so it will continue until complete dissolution and hydration of the anhydrite in the weathering zone. It is expected that at the end of these processes, the dissolution of gypsum will be the dominant process which will lead to development of typical karst on the surface and within the entirely gypsified anhydrite massif.





11. Summary


The weathering of anhydrite deposits exposed at the bottom of the Dingwall quarry leads to their hydration and gypsification, which is associated with the significant volume increase and formation of peculiar hydration relief with ridges, tepee structures and domes, as well as unique hydration caves (Quellungshöhlen).



Petrographic analysis of the zone of the expansive hydration revealed complex structures and the fabric of the gypsum-anhydrite rocks reflects the two drastic transformations they underwent after the deposition. Their primary protolith—formed at the bottom of evaporite basin—was most likely gypsum, which in the first stage of diagenesis turned into anhydrite. At present this anhydrite is hydrated, transforming into gypsum in the weathering zone. The structures and fabric of the rocks, with the exception of layering, no longer reflect the original features of the gypsum deposits, but are the product of overlapping diagenetic and weathering processes.



At the microscopic level the following zones of gypsification can be distinguished, going through the unweathered massive anhydrite (commonly occurring as blocks or nodules similar to corestones):




	-

	
zone of massive to porous anhydrite,




	-

	
zone of anhydrite penetrated by gypsum veinlets separating the crystals and their fragments (commonly along cleavage planes),




	-

	
zone of gypsum with scattered anhydrite relics, and




	-

	
gypsum zone without anhydrite.









The spatial arrangement of these zones indicates the direction and the magnitude of the ongoing gypsification process.



The crystallization of gypsum took place mainly in situ in the place of occurrence of anhydrite crystals by replacement and displacive growth, but also in the empty pore spaces in the form of cement. Gypsum cements commonly infill fractures and fissures and as a rule, are more coarse-crystalline than the replacive-displacive gypsum.



Features of displacive growth exhibited by the gypsum permit to prove that the cause of the volume increase was crystallization pressure exerted by that mineral on its surroundings. Crystallization pressure readily leads to deformations and volume increase in the poorly confined environment of the weathering zone susceptible to upward expansion. Most likely, gypsum crystallization pressure is also the cause of fracturing opening access of water to the massive unweathered anhydrite bedrock and driving its further hydration and gypsification.



Based on the macroscopic and petrographic observations, a model of anhydrite gypsification was presented, showing basic structural changes of massive anhydrite bedrock in its way to fully gypsified rock. The fracturing of the rock (due to ongoing mechanical weathering, expansive hydration or some other factors) is the starting stage in this model, followed by the stage of inflow or infiltration of meteoric water and dissolution of anhydrite rock, along with the opening fractures. When the level of saturation of gypsum is overpassed in the pore water solutions, this mineral is crystallizing at the expense of dissolving anhydrite in the next dissolution-crystallization stages, which are connected with the gradual volume increase. Displacive growth and the crystallization pressure of gypsum can cause additional fracturing, accelerating the hydration process which will continue until the whole anhydrite will be dissolved. The gypsification process can be locally significantly inhibited due to the self-sealing effect; by clogging the fissures and pore spaces around the massive anhydrite by crystallizing gypsum.



The process of anhydrite hydration is a two-stage reaction: dissolution of anhydrite and crystallization of gypsum. For the open system this reaction can lead to a significant volume increase because molecular volume of the solid product (gypsum) is greater that the molecular volume of the solid substrate (anhydrite). Such a reaction belongs to the replacement reactions, which potentially generate stress and fracturing (the so-called reaction driven fracturing [170]).



The expansive hydration of anhydrite taking place at Dingwall is possible due to the optimal environmental conditions in the weathering zone. Within the temperature range from 0 °C (i.e., lower temperature limiting the presence of fresh liquid water) to ca 30 °C (estimated temperature in the summer), the solubility (equilibrium concentration) of gypsum is lower than the solubility (equilibrium concentration) of anhydrite. Such conditions mean that the solution is saturated and slightly supersaturated with respect to gypsum (unable to dissolve gypsum), and is at the same time undersaturated with respect to anhydrite (able to dissolve this mineral). The solution close to saturation with anhydrite remains significantly supersaturated with respect to gypsum and gypsum can readily precipitate from such a solution. Thus, simultaneous dissolution of the anhydrite and crystallization of the gypsum can take place in such a solution. From the thermodynamic point of view, the system will tend to crystallization of the mineral of the lower solubility, i.e., gypsum, which is more stable in the given conditions and it is the dissolving anhydrite that provides the solution supersaturated with gypsum in this process.



Expansive hydration of anhydrite is a highly undesirable process when occurring in industrial or urban areas, where ground swelling and heave lead to the disintegration of buildings, tunnels, roads, etc. [20]. It takes place, not only in the weathering zone (like at Dingwall), but also in the deeper subsurface below the groundwater table, e.g., at depth from which geothermal energy is taken [25]. The present petrographic study, which documents the features of displacive growth of gypsum crystals within gypsified anhydrites, fully confirms the current views of the researchers investigating these destructive processes. We also conclude that the basic direct cause of the expansion is the crystallization of gypsum.
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Figure 2. Geological map of nearest area of the Dingwall quarry (after [47,48]) and geological cross section through A–B line, cross-section contains also Quaternary deposits not shown on the map [47,48,51]. 
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Figure 4. Macroscopic view of gypsum anhydrite rocks showing characteristic structures (g–gypsum, a–anhydrite): (a)–fractured layer composed of white anhydrite nodules and grey gypsum wisps (upper part of the photo) passing into grey fractured gypsum-dominated rock (lower part of the photo); (b)–macroscopic gypsification front around the relict anhydrite meganodule; (c)–layered anhydrite-dominated rock cut by fault and disturbed by drag fold; (d)–flat layered gypsum-anhydrite rock; (e,f)–folded layers of gypsum-anhydrite rock seen at the bottom of the quarry. 
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Figure 5. Typical structures of rocks of the anhydrite weathering zone at Dingwall (a–l) seen on cut surfaces (according to classification by Maiklem et al. [56], modified and supplemented). Signs in lower left side of the photos: straight line–sample collected from undisturbed rock layer from the quarry bottom, curved line–sample collected from rock layer composing hydration form; arrow–upward direction relative to the quarry floor, X–view on the surface cut parallel to a horizontal plane. Other signs: a–anhydrite, g–gypsum, a + g–anhydrite and gypsum. Further explanations in the text. 
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Figure 6. Fabric of the weathering anhydrites from Dingwall seen under optic (d–f) and scanning electron microscope (BSE images; a–c,g–o) before transformation of anhydrite into gypsum (a–f), during gypsification (g–l) and after that process (m–o); a–anhydrite, g–gypsum; red dashed line–traces of the 010 perfect gypsum cleavage oriented parallel to cleavage of adjoining anhydrite grains suggesting epitaxial relationships between both minerals; yellow outline marks gypsum pseudomorphoses after anhydrite, red arrows indicate movement of crystals. (a)–inequigranular fine-crystalline euhedral anhydrite; (b)–fine- and coarse-crystalline anhydrite; (c)–inequigranular fine-crystalline euhedral anhydrite showing intercrystalline pore spaces; (d–f)–inequigranular anhydrite with large elongated crystals showing traces of fracturing, breakage and rotations; (g)–intra-grain mesh fabric showing replacement of anhydrite by gypsum; (h)–gypsum pseudomorphoses after anhydrite laths showing parallel orientation of the traces of gypsum perfect 010 cleavage to the cleavage of anhydrite; (i)–inequigranular fine-crystalline euhedral anhydrite, porous and partly gypsified (on the left) and massive one cut by vein of gypsum (on the right); (j)–fine- and coarse-crystalline gypsum with remnants of anhydrite crystals and gypsum pseudomorphoses after anhydrite; (k)–large radial bunches of anhydrite crystals partly replaced by gypsum; (l)–partly gypsified anhydrite crystals with displacements along cleavage planes; (m)–small anhedral gypsum crystals; (n)–inequigranular gypsum crystals divided by fracture; (o)–crystals of gypsum cement. 
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Figure 7. Restoration of the course of displacive and replacive growth of gypsum in two exemplary samples of the weathering anhydrite from Dingwall; BSE images of cut and etched surfaces are shown at right; a—anhydrite, g—gypsum. Note intra-grain mesh fabric on the upper pictures and inter-grain mesh fabric on the lower pictures. Further explanations in the text. 
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Figure 8. Microscale gypsification zones in gypsum-anhydrite rocks seen in the SEM images; g and orange line–zone composed of gypsum; a + g and light red line–zone composed of anhydrite and gypsum; a and dark red line–anhydrite; F and light red dotted line–gypsification front. (a)–gypsum vein surrounded by thin zones of gypsum and anhydrite, which contact with massive and slightly porous anhydrite along the gypsification front; (b)–gypsification zone around semi-closed fractures showing T-shaped junction, composed of gypsum and relics gypsum-anhydrite islets; note en-echelon pattern of fractures near the letter b; (c)–narrow gypsification zones of anhydrite developed around fracture; (d)–vast gypsification zones around fractures; (e)–the model of the structure of gypsification zones developed near the advancing gypsification front; for the sake of simplicity the fractures are omitted. 






Figure 8. Microscale gypsification zones in gypsum-anhydrite rocks seen in the SEM images; g and orange line–zone composed of gypsum; a + g and light red line–zone composed of anhydrite and gypsum; a and dark red line–anhydrite; F and light red dotted line–gypsification front. (a)–gypsum vein surrounded by thin zones of gypsum and anhydrite, which contact with massive and slightly porous anhydrite along the gypsification front; (b)–gypsification zone around semi-closed fractures showing T-shaped junction, composed of gypsum and relics gypsum-anhydrite islets; note en-echelon pattern of fractures near the letter b; (c)–narrow gypsification zones of anhydrite developed around fracture; (d)–vast gypsification zones around fractures; (e)–the model of the structure of gypsification zones developed near the advancing gypsification front; for the sake of simplicity the fractures are omitted.



[image: Minerals 12 00058 g008]







[image: Minerals 12 00058 g009 550] 





Figure 9. Model of anhydrite gypsification in the weathering zone consisting of five stages with presentation of volume increase by reference points, for the sake of simplicity only selected larger fractures are shown, real images are BSE images: first stage–fracturing of the massive anhydrite; second stage–dissolution of the anhydrite along fractures; third–fifth stage–expansive anhydrite hydration: dissolution of anhydrite and replacive-displacive crystallization of gypsum, as well as crystallization of gypsum cements (stage 5th). Further explanations in the text. 
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Figure 10. (a)—Graphs of gypsum and anhydrite solubility in pure water depending on temperature, based on multiple sources (according to Van Driessche et al. [160]), showing the zone in which the anhydrite dissolves and simultaneously gypsum crystallizes (according to Butscher et al. [20]; uncertainty range of the temperature of transition between gypsum and anhydrite according to Freyer and Voigt [16]). Note that for temperatures below 40 °C, experimental data appear to suggest that anhydrite solubility curve according to LLNL gives better approximation of the real values. (b)—interpreted conditions of karstification (dissolution of gypsum and anhydrite) and expansive anhydrite hydration (dissolution of anhydrite and gypsum crystallization) at Dingwall; further explanations in the text. 
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