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Abstract

:

Chert concretions in thick limestone successions preserve a more complete paragenetic sequence of diagenetic minerals than their host limestone and interbedded shale. The goal of this study was to test the possible presence of a high-temperature mineralising system in the Ionian basin of western Greece. Upper Cretaceous chert nodules were sampled at Araxos, where rocks are highly faulted and uplifted by salt diapirism, and on Kastos Island, on the flanks of a regional anticline. Chert concretions have microporosity produced by recrystallisation of opal to quartz and fractures produced in the brittle chert during basin inversion. Diagenetic mineral textures were interpreted from backscattered electron images, and minerals were identified from their chemistry. Diagenetic minerals in pores and veins include sedimentary apatite (francolite), dolomite, Fe-chlorite, Fe oxide-hydroxide mixtures, sphalerite, barite and calcite. Sphalerite is restricted to Araxos, suggesting that inferred basinal fluids were hotter and more saline than at Kastos. At Araxos, the Fe oxide-hydroxide also includes minor Cu, Zn, and Ni. Whether the transported metals were derived from sub-salt clastic rocks and basement, or from enriched Mesozoic black shales, is unclear. The effectiveness of this novel approach to understanding fluid flow history in thick limestone successions is validated.
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1. Introduction


Siliceous (chert) concretions in limestones provide an important record of diagenetic, tectonic, and fluid-flow events in limestone-dominated sedimentary basins. In these limestones, opal precursors of many chert concretions and beds form early in the diagenetic paragenesis at redox controlled boundaries [1], but recrystallisation of opaline silica to quartz is unusual in rocks younger than Miocene in the modern ocean [2] and takes place at elevated temperatures following burial [3]. This replacement of opal by quartz creates pervasive microporosity in many cherts [4,5,6]. In some cases, chert precipitation may occur quite late in the diagenetic paragenesis without an opal precursor [7,8]. During tectonic deformation of limestone successions, fracturing and faulting are concentrated in a distinctive manner in and around chert concretions [9]. Mineral phases precipitated in veins and in the microporosity of chert concretions have the potential to preserve a record of basinal fluid flow first during burial and later during tectonic inversion.



In this study, we have investigated the record of fluid flow in Cretaceous deep-water limestones from the Ionian zone of western Greece using the record preserved in chert concretions. The Ionian zone (Figure 1) forms part of the eastern continental margin of the Adria microcontinent [10]. The Hercynian igneous and metamorphic basement of Adria is overlain by terrestrial clastic rocks of Permo-Triassic age, referred to as the Verrucano facies in Italy [11] and homologous successions east of the Ionian zone in the Peloponnese are known as the Phyllite-Quartzite series [12]. The Verrucano facies is followed by thick Triassic evaporites in Italy and in the Ionian zone. These comprise halite with minor nodular anhydrite in the Ionian zone [13], but anhydrite is dominant nearer the basin margin in northern Italy [14]. Active rifting and subsidence of the Ionian zone is referred to as syn-rift from early Jurassic to early Eocene [15,16], when mostly limestones accumulated. The Jurassic limestones are principally pelagic, but calciturbidites are common in the Upper Cretaceous. Important Jurassic deep-water phosphorite deposits occur in the northern Ionian zone [17,18]. The compressive phase of the Ionian basin (early Eocene–middle Miocene) led to the formation of a fold-and-thrust belt with detachment along the Triassic evaporites and the development of salt-cored anticlines and diapirs in places [15,19,20].



This study investigates large, siliceous concretions from Upper Cretaceous ‘Senonian’ limestones. Concretions from two localities are compared: the highly deformed outcrops at Araxos in the NW Peloponnese and the less deformed outcrops at Kastos Island (Figure 2). The overall mineralogy of the siliceous concretions in limestone from these localities has been recently reported [20]. That study showed that quartz is the dominant mineral with rare to common residual calcite. The presence of moganite and opal-A suggests that quartz recrystallised from original amorphous silica. That amorphous silica in places experienced synsedimentary deformation.



The present paper studies the chemistry of minerals and their textural relationships within these siliceous concretions and uses such observations to determine their late diagenesis. First, we establish the diagenetic paragenesis of the chert concretions. Then, we use the mineralogical data to explore the effects of authigenesis, diagenesis, and flow of basinal fluids on the mineralogy of the concretions. Finally, we relate geographic variation in mineralogy to the structural setting of the two studied outcrops and the role of salt tectonics. The overall goal was to test the possible presence of a high-temperature mineralising system in the Ionian zone, suggested by our studies of river sands in northwestern Greece.




2. Materials and Methods


Nine hand specimens of chert nodules and bedded chert were studied from the so-called Senonian Limestones at two localities—six from Araxos (Figure 2a) (samples AX1, 2, 3 and ARK2, 4C, 10) and three from Kastos (Figure 2b) (SK4, SK5, SK9). Polished thin sections were made from all samples; multiple sections are indicated as A, B, C, etc. All polished thin sections were studied by optical microscope and eight (AX1A, AX1B, AX1C, AX2, AX3, ARK2, SK4a, and SK5) were selected for detailed study. Carbon-coated polished thin sections were analysed using a Leo 1450 VP scanning electron microscope (SEM) (Zeiss, Jena, Germany) that has a maximum resolution of up to 3.5 nm at 30 kV. This SEM is also equipped with an INCA X-max 80 mm2 silicon-drift detector energy dispersive spectroscopy (EDS) system (Oxford Instruments, High Wycombe, UK), with a detection limit > 0.1%. The EDS system uses a single cobalt standard, and precision is better than 1% for elements above Ne in the periodic table that are present at levels above 2%. Back-scattered electron (BSE) images were acquired to show mineral textures and EDS analyses were used to identify minerals. The details of methods for the analytical data in this paper are as in [21]. Mineral abbreviations are from Whitney and Evans [22].



The samples are fine-grained, and the diameter of the beam used for the EDS analyses was ~10 microns, resulting in many analyses that contain more than one mineral component, especially for later minerals that appear to fill micropores and/or hairline veinlets in the host rock. Such mineral contaminants are mostly silica (microcrystalline quartz) and, to a lesser extent, calcite. Pure mineral analyses generally can be readily distinguished from mineral mixtures (Supplementary Materials S1–S9 and S11–S13).




3. Results


3.1. Hand Specimen Observations


The cherts studied from Araxos consist either of discrete concretions with an ellipsoidal shape parallel to bedding (Figure 3A) or form bedding-parallel more or less continuous beds of chert (Figure 3B). Ellipsoidal concretions commonly have a black core of quartz and a lighter coloured rim with dispersed residual calcite (Figure 3C). Some lighter patches of mainly calcite appear to represent bioturbation in the original limestone (Figure 3C,E). The bedded cherts also include lenticular patches of black quartz and bedded lighter coloured layers with more calcite (Figure 3B,D). All cherts are cut by joints and veinlets (Figure 3C–E), mostly perpendicular to bedding, with filled veins typically 10–30 μm wide (Figure 4). Some veinlets and chert adjacent to them have an ochreous colour suggestive of iron (hydr-) oxide (Figure 3D). Joints and veins are more abundant in pure quartz concretions than in lighter coloured chert with residual calcite (Figure 3C,D).



The cherts from Kastos are also either nodular or bedded (Figure 9 of [20]). The samples chosen for analysis had more complex internal zoning from limestone to chert than is seen at Araxos, with irregular patches of residual limestone (Figure 3E,F). They also show irregular patches of ochreous material (Figure 3G). In some concretions, the final replacement of quartz–calcite mixtures by pure quartz takes place in mm-scale dark-coloured spherules (Figure 3F,G).




3.2. Petrography and Paragenetic Sequence


In the four samples from Araxos (AX1, 2, 3, and ARK 2), the dominant mineral is microcrystalline quartz, making up >99% of the ‘quartz zone’, but in many places with variable amounts of calcite relics (‘mixed zone’), where the calcite patches are up to tens of microns in size, but the quartz in many cases is 1–10 μm in size (Figure 4F). Their EDS analyses (Supplementary Materials S1–S9) show that in addition to quartz and calcite, there is Fe oxide/hydroxide (FeOhy), barite (brt), sphalerite (sp), pyrite (py), sedimentary apatite (ap), chlorite (chl), and rare grains of zincite that mostly fill fractures as veinlets (Figure 4) and micropores (Figure 5). Their mode of occurrence suggests that they are late in the sequence of events that have affected the studied rocks, after the conversion of opal to quartz.



In sample SK5 from Kastos (Figure 4F,G), in addition to quartz and calcite relics, other minerals identified include common FeOhy, rare sedimentary apatite, and very rare pyrite, monazite, a titania mineral, and zircon. In sample SK4a (Figure 5H) from the same locality, minor minerals identified include common barite and FeOhy, and very rare monazite and ilmenite (Supplementary Material S13). The principal difference in the Kastos samples from Araxos is the absence of sphalerite.



Microporosity is common in both the Araxos and Kastos samples, some in the form of polygonal pores with straight outlines, and is better expressed in the quartz zones than in the mixed zones (e.g., Figure 4C and Figure 5A,E,H). In Figure 6, as the proportion of calcite decreases, the microporosity in quartz appears to increase. Not all microporosity is polygonal and equant; some are smoothly round (Figure 5A), some are elongated along the bedding plane (e.g., Figure 7A) and calcite veinlets cut preexisting voids (Figure 7B). Parts of the Kastos concretions have microfossils not replaced by quartz. These areas also have less microporosity than typical Araxos samples (Figure 4G).



Calcite veinlets, single or in a system of veinlets, occur perpendicular, oblique, or parallel to bedding (Figure 4C–E and Figure 5B,C) in both quartz and mixed zones. Calcite also fills irregular fractures (Figure 5F). Some calcite veinlets incompletely fill the fractures (Figure 5C,F). The same veinlets may host a number of other late minerals.




3.3. Mineral Chemistry


3.3.1. Sphalerite


Small late minerals <10 μm in size, such as sphalerite, are best identified from their chemistry, even when the analysis has been diluted by host quartz or calcite. Sphalerite occupies micropores with polygonal straight outlines (Figure 5A–D) in both quartz and mixed zones at Araxos. It also occurs in single or systems of veins together with calcite (Figure 5B,C). Sphalerite analyses show a strong positive correlation between S and Zn (Figure 8A), despite variable dilution by quartz and/or calcite. A few grains of zincite are present in sample AX3 (Figure 5G).




3.3.2. Barite


Barite, although present at both Araxos and Kastos, varies among samples in abundance and mode of occurrence. In the Araxos samples, AX1 and AX3 barite occur filling voids (Figure 5E), in large aggregates of crystals that appear to have replaced calcite (Figure 5G and Supplementary Materials Figure S5.16), and in hairline fractures, either alone or as bright spots on calcite (Figure 7F). In both samples AX1 and AX3, in a few voids partly filled by barite, sphalerite is also present (Figure 5E), suggesting that the two minerals are probably contemporaneous. In the Kastos samples, barite is rarer, occurring only in mixed zones in samples SK5 and SK4a. The barite occurs either as bright spots filling voids or as bright spots, with or without calcite, along hairline fractures (Figure 4G,H). No large aggregates of barite crystals have been seen in the Kastos samples.




3.3.3. Iron Oxides and Hydroxides


All studied samples, from both Araxos and Kastos, contain a mineral or minerals identified chemically only as Fe oxide-hydroxide (FeOhy). Measured totals of the chemical analyses for this mineral (analyses with only FeO and <10% SiO2 and <5% CaO from the host rock) are low and this suggests a missing component (probably H2O). In analyses recalculated to 100%, FeO content averages 90% (s.d. = 3) for sample AX1B and 87% (s.d. = 3) for SK5. The conversion of all recalculated FeO to Fe2O3 gives a Fe2O3 range of 79–88 %. The simplest explanation for these data is that there was probably originally magnetite, now partly altered to goethite.



In the studied samples from Araxos, FeOhy mineral grains occupy micropores of various sizes (e.g., Figure 5B,C). None have been seen in veinlets accompanying sphalerite and/or calcite. Rather, the calcite veinlets appear to cut and thus postdate FeOhy (Figure 4C,D). The FeOhy grains are more common in the quartz zones, although they are also present in the mixed zones. Some FeOhy grains occur in clusters (e.g., Figure 4C,D).



In the two samples from Kastos, FeOhy grains are common to very common. In sample SK5, some FeOhy fills micropores and some forms porous clusters joined by hairline veinlets within a calcite patch (Figure 4F). FeOhy also forms hairline veinlets within the calcite veins, thus postdating the vein calcite (e.g., Figure 7C). Finally, FeOhy may occur as intergrown clusters and patches (Figure 7D,E).



Many FeOhy analyses from Araxos contain detectable amounts of Cu, and less commonly, Ni and Zn (Table 1). Cu is present in 38 % of all analyses of FeOhy with a mean abundance of 1.29 wt % CuO. None of the three metals correlates with other minor components such as Al or Ca, suggesting that they are associated with FeOhy. In contrast, Cu was detected in only two analyses of FeOhy from Kastos, and no Ni or Zn was encountered.




3.3.4. Pyrite


Pyrite is identified in only two samples: it is common in AX3 and rare in AX2, both from Araxos. In both samples, most pyrite fills micropores (Figure 4E). An aggregate of pyrite crystals cuts a hairline fracture, which, in turn, is cut by a fracture partly filled with calcite (Figure 4E). However, in another analysis site in the same sample (Figure 5F), pyrite occurs as bright specks in both the quartz zone and the calcite vein. These observations suggest that pyrite is probably synchronous with the calcite veins or is younger. Several pyrite analyses in both samples contain Ni up to 2.7% and/or Co up to 4.1%. In Kastos, only one pyrite grain filling a micropore has been found in sample SK5, without detectable Ni or Co.




3.3.5. Apatite


The abundance and mode of occurrence of sedimentary apatite (francolite) are quite variable. It is common in sample AX3 from Araxos and in sample SK5 from Kastos but much less common in all other studied samples. It occurs in very variable forms. Some apatite is clearly of original biogenic origin, in occasional shells or fragments of shells (Figure 9A,B) and as small peloids (Figure 9C). Other apatite grains appear to completely or partly fill voids in the chert (Figure 9D,E) or rarely form irregular veinlets, probably along quartz crystallite boundaries. Some apatite resembles needles or spicules. Some of these might be biogenic, whereas others may be straight examples of veinlets. In addition to these clear modes of occurrence, in almost every sample there are scattered micron-sized specks with bright backscatter and elevated amounts of P2O5, with the rest of the 10 m analysed spot being mostly SiO2.



Apatite grains consist principally of Ca5(PO4)3 but have distinctive minor element chemistry with most grains including ~1% Na2O, ~2% SO3+, and mostly 5–7% F (Figure 10). A few analyses with <38% P2O5 are interpreted as including some calcite and are excluded from further consideration. Clearly, biogenic shells and peloids tend to have a little less Na2O and SO3 than clearly later apatite that rims voids or in veinlets (Figure 10b,c). The variation of F with a mode of occurrence appears random and has not been illustrated. Some specks and spicules/veinlets have SO3 characteristic of biogenic material, but the majority show elevated SO3 suggesting a later diagenetic origin.




3.3.6. Other Minor Minerals


Two other minor minerals are identified in sample AX1 from Araxos, based on their chemical composition: chlorite and dolomite. The presence of chlorite is suggested by the coexistence of Si, Al, Fe, and Mg in analyses of some aggregates. Systematic covariation of Fe and Al (Figure 8B) is interpreted as representing chlorite. The presence of dolomite is suspected from the presence of Mg when Ca is high, and there is no significant Al in the analysis. Dolomite is confirmed by the covariation of Ca and Mg (Figure 8C), and a lack of correlation between Mg and Fe that would indicate significant Mg in chlorite.






4. Discussion


4.1. General Timing of Diagenetic Stages and Contrasts between Araxos and Kastos


The observed microporosity appears to predate the fracturing of the rock, and it is probably due to volume reduction that took place during the recrystallisation of amorphous silica to microcrystalline quartz [6]. Microporosity is cut by veinlets 10–30 μm wide that tend to be perpendicular to bedding (Figure 3C,D) and, in many cases, are filled with calcite (Figure 4). Barite, sphalerite, and FeOhy veins all appear later than most calcite veins.



Araxos and Kastos differ in the degree of structural deformation and distance from active salt tectonics systems. The Araxos samples, compared to the Kastos samples, look more deformed and with much higher microporosity, although this may result from more residual calcite in the Kastos samples. Sphalerite has only been found in the Araxos concretions and barite is by far more common in the Araxos concretions. The FeOhy analyses from the Araxos samples (Table 1) contain much more Cu, Ni, and Zn as minor components, compared to Kastos samples.




4.2. The Origin of Sedimentary Apatite


Much of the sedimentary apatite formed under seafloor conditions. Phosphate authigenesis is described as common in the Coniacian (–Santonian) (i.e., lower Senonian Limestones) of the northeastern part of the deep-water central Ionian zone, associated with low oxygenation of seawater [17,18]. In the Kastos and Araxos sections, there is no evidence for widespread phosphatisation. Most fossil fragments in the studied samples consist of calcium carbonate, and a few shell fragments are phosphatic, likely from brachiopods. Some phosphatic spicules with lower Na2O and SO3 may also be biogenic, possibly derived from siphonophores [23]. Apatite peloids are rare and thus likely indicative of only local seafloor phosphatic authigenesis.



Apatite in specks in pores and in veinlets, together with some spicules, tends to have higher SO3. Texturally, it appears to be late diagenetic and the elevated SO3 suggests basinal fluids related to the dissolution of anhydrite.




4.3. The Sphalerite-Barite Mineral Association


Barite and sphalerite both fill microporosity at Araxos and appear related. Barium in diagenetic systems is generally considered to be derived from the breakdown, albitisation or dissolution, of detrital K-feldspar, from clastic source rocks. The most likely such source in the Ionian zone is from Permian–Triassic terrestrial clastic rocks overlying the Hercynian basement and underlying Triassic evaporites. Many of these rocks immediately east of the Ionian zone are dominantly quartzitic (the Phyllite–Quartzite series: [12]). However, the underlying Hercynian basement includes granitic gneiss in Kythira [24] and Triassic granitic lithic clasts were supplied to Pliocene sediments near Patras [25], suggesting the potential for local deposition of arkose. Crystallisation temperatures for hydrothermal barite range from 70 to 250 °C [26], and barite associated with sphalerite, galena, or other sulphides probably has higher temperatures of formation [27].



The zinc in diagenetic systems is generally considered to be derived from biogenic Zn substituted in aragonite and calcite [28], and its abundance in the carbonate rocks ranges from 0 to 50 ppm [29]. The crystallisation of sphalerite generally takes place at 140–200 °C [26]. Pyrite is common in the samples from Araxos, and this suggests reducing conditions during the diagenesis of these samples. Under such conditions, the transport of the Zn cations is favoured by chloride complexes in basinal brines [30]. Transport of Zn in the form of chloride complexes in quantities enough to form sphalerite requires salinity of ~17% NaCl equivalent [31]. The presence of sphalerite thus suggests basinal fluids derived from the dissolution of halite.



Alternatively, the source of both Ba and Zn, together with elevated S and P, may be from the black shale horizons of the Ionian zone. Although there are no reported inorganic chemical analyses from the several non-phosphatic Mesozoic black shale horizons in the Ionian zone (e.g., [32,33]), such shales elsewhere are commonly enriched in Ba, redox-sensitive (U, Mo, Re, V, Cr), and sulphide-forming metals (Cu, Ni, Cd, Zn) [34]. Bulk limestones from the Ionian zone are enriched in Ba, Bi, Co, and Cu compared to the global average limestone [35]. Ni, Cu, and Zn are associated with FeOhy minerals filling microporosity and veinlets, particularly at Araxos.




4.4. Tectonic Control at Araxos and Kastos


Paleogene fold and thrust deformation of the Ionian zone resulted in decollement along evaporite horizons and supracrustal shortening potentially producing overpressure. Salt-cored anticlines locally evolved into salt diapirs and salt walls [16,36] and the local elevation of Cretaceous strata at Araxos is related to such diapirism. The relief at Kastos Island is a continuation of that along strike to the north and does not show evidence for diapirism. We, therefore, conclude that the distribution pattern for sphalerite and barite between Araxos and Kastos reflects the availability of basinal fluids with the high salinity in the diagenetic system that has affected the Araxos Cretaceous rocks. Similar barite-sphalerite mineralisation is known from other petroleum basins with strong salt tectonics [37].



Basinal fluids with the right chemical species, in this case, Zn, Ba, Fe, and S, under reducing conditions and high salinity, require pathways for effective circulation and precipitation of the late diagenetic/hydrothermal minerals. At a macro scale, the widespread Paleogene thrust faults and Neogene normal faults provide potential pathways. On a local scale, bedding parallel joints in limestone may be important pathways (Figure 3A,B). Joints are abundant within chert concretions, principally orthogonal to bedding, and propagate only a short distance into host limestone [9]. In the studied concretions, the sites of deposition of such minerals include voids due to microporosity, bedding planes, and a variety of microfractures with different morphology and orientation. These are exactly the sites where all the late minerals, diagenetic or hydrothermal, described from the studied concretions, have been seen (Figure 3, Figure 4 and Figure 5). These figures show the pathways that the basinal fluid followed, as well as the more intensive fracturing of the Araxos samples relative to that of Kastos (e.g., Figure 3). The micropores, and particularly the microfractures, are further filled with a few other minerals that include apatite, chlorite, and rare titania minerals (e.g., sample AX3). We cannot distinguish between (1) a possible deep-seated source of metals, in which Ba is derived from late Paleozoic arkosic sandstone, Fe from Mesozoic and late Paleozoic shales, and Zn and P from the Mesozoic carbonates, and (2) remobilisation of metals enriched in Mesozoic black shale horizons.




4.5. Silica Concretions as Recorders of Basinal Fluids


The preservation of microporosity in chert concretions with microcrystalline quartz and the formation of joints that die out in the host limestone make chert horizons particularly permeable. In thick limestone-shale successions, such as in the Ionian zone, cherts partly fulfil a role played by sandstones in more clastic basins. Together with faults and some bedding planes in limestones, they can act as fairways for fluid migration, including hydrocarbons. Submillimetre size diagenetic minerals that precipitate in pores and joints provide a record of that fluid flow. The transport of sphalerite at Araxos requires hot saline fluids derived from Triassic halite, whereas the mineral assemblage at Kastos with some barite could have formed at lower, less saline conditions. Late diagenetic francolite has higher SO3 content than seafloor shells and peloids, suggesting the involvement of sulphate-rich waters from Triassic anhydrite.





5. Conclusions


Nodular chert in limestone successions provides a particularly good record of late diagenetic fluid movement in two types of sites: microporosity produced by recrystallisation of opal to quartz and fractures produced in the brittle chert during basin inversion.



Diagenetic minerals in pores and veins include sedimentary apatite (francolite), dolomite, Fe-chlorite, Fe oxide-hydroxide mixtures (FeOhy), sphalerite, barite, and calcite. Minor minerals include zincite, pyrite, pyrrhotite. monazite, zircon, ilmenite, and a titania mineral.



The rocks at Araxos are highly faulted and are likely related to a salt diaper. The rocks at Kastos are exposed on the flank of a regional anticline. Sphalerite is restricted to Araxos, where FeOhy includes minor amounts of Cu, Zn, and Ni. This suggests that basinal fluids were hotter and more saline than at Kastos. Whether the transported metals were derived from sub-salt clastic rocks and basement or from enriched Mesozoic black shales is unknown.
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Figure 1. Regional map of the Ionian zone of Greece, showing the location of the study areas (red boxes). Map modified from [20]. 
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Figure 2. Location maps for (a) Araxos and (b) Kastos samples. Map modified from [20]. 
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Figure 3. Field and hand specimen photographs of chert concretions (bedding plane horizontal for hand specimens): (A) field setting of sample AX1; (B) field setting of sample AX2; (C) highly fractured nodular chert concretion (sample AX1); (D) highly fractured bedded chert concretion (sample AX2); (E) nodular chert concretion (sample SK5); (F) part of nodular chert concretion (sample SK4a), showing the location of thin section in Supplementary Material S13. (G) Complex nodular chert concretion (sample SK4). 
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Figure 4. Backscattered electron images showing veinlets in chert. Mineral abbreviations throughout from Whitney and Evans (2010) [22] based on EDS chemical analyses, two or more minerals indicate a mixture of minerals in the 10 μm analytical spot, + indicates additional elements not accounted for in the identified minerals. FeOhy = unidentified Fe oxide and hydroxide minerals: (A) calcite veinlet in a mixed quartz–calcite zone (AX1B); (B) horizontal and oblique calcite veinlets in a quartz zone (AX1B); (C) Two horizontal calcite veinlets in quartz (AX1A); (D) two oblique calcite veinlets (AX1C); (E) quartz cut by calcite veinlet, with pyrite as specks and as an aggregate that cuts a hairline fracture (AX3); (F) cluster of hairline veinlets and irregular porous patches of FeOhy in a mixed quartz-calcite zone that also contains fossil relics made of calcite (SK5); (G) mixed quartz–calcite, rich in relics of fossils, cut by hairline veinlets of barite and calcite (SK5); (H) mixed quartz–calcite with a complex system of veinlets made up of calcite and barite specks (SK4a). 
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Figure 5. Backscattered electron images showing minerals in pores: (A) voids in quartz filled with sphalerite, clay, and probably calcite (AX1B); (B) quartz with scattered specks of sphalerite and a vein filled with calcite, sphalerite, and clay (AX1B); (C) rare FeOhy grains probably filling voids and a network of veinlets partly filled with sphalerite, calcite, and traces of clay (A1XB); (D) mixed quartz and calcite zone with scattered patches of calcite and FeOhy and a void partly filled with sphalerite, clay and probably calcite (AX1B); (E) sphalerite filling void with barite at the rim (AX3); (F) complex system of veinlets partly filled with calcite, and specks of pyrite and probably pyrrhotite (AX3); (G) large patches of barite, pyrite, and zincite partly filling voids (AX3); (H) quartz with microporosity and rare-scattered specks of probable chlorite (SK4a). 
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Figure 6. Backscattered electron images showing a gradual increase in microporosity as the proportion of quartz increases at the expense of calcite, from (A) to (D). In (D), common FeOhy in pores. (AX2). 
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Figure 7. Backscattered electron images showing veinlets and distribution of FeOhy: (A,B) FeOhy and apatite fill pores (ARK2, AX1C); (C) calcite veins cut by hairline FeOhy veinlets (SK5); (D) scheme 5; (E) mixed zone of chert and calcite with microcrystalline aggregates of FeOhy (SK5); (F) calcite veinlet, barite partly filling hairline fracture, FeOhy aggregates in pores (AX1C). 
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Figure 8. Plots of elements characteristic of the minerals: (A) sphalerite (S-Zn); (B) Fe–chlorite (Al–Fe); (C) dolomite (Ca–Mg). Data in Appendix S10. The concentrations of the elements in each pair decrease as the dilution by quartz and/or calcite increases, while the positive correlation of the elements in each pair remains. 
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Figure 9. Backscattered electron images showing modes of occurrence of apatite: (A) shell fragment of apatite (AX1B); (B) shell fragments, either originally or replaced by apatite (SK5); (C) peloid of apatite (AX1C); (D,E) two micropores filled with apatite (note different magnifications) (AX3). 
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Figure 10. Plots of elements as oxides vs. P2O5 in apatite showing different morphological types: (a) CaO; (b) Na2O; (c) SO3. Analyses have been recalculated to P2O5 + CaO + Na2O + SO3 + F = 100, to remove the effects of the host silica on analyses of small apatite grains. Morphological types are presented in more detail in the text. 
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Table 1. Abundance of Ni, Cu, and Zn in Fe oxide-hydroxide analyses.
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Araxos n = 109

	
Kastos n = 40




	

	
NiO

	
CuO

	
ZnO

	
NiO

	
CuO

	
ZnO






	
% of analyses with values > 0

	
14

	
38

	
5

	
0

	
5

	
0




	
Mean of analysis values that are > 0 (wt %)

	
0.84

	
1.29

	
0.99

	
0

	
3.75

	
0




	
All FeOhy analyses with <2% Al2O3 and <3% CaO

	




	
Wt % corrected for dilution by SiO2
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