The origin of silica cements revealed by spatially resolved oxygen isotope microanalysis and electron-beam microscopy; Heidelberg Formation, Germany.
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The origin and growth mechanisms of microcrystalline quartz cement in sandstones and its relationship to quartz overgrowths remain puzzling even though it has an important effect on rock properties in deeply buried sandstones; microcrystalline quartz cement inhibits the growth of quartz cement and so leaves sandstones with anomalously high porosity deep in sedimentary basins.  Here we have examined the relationships between quartz cement, and duplicate layers of chalcedony/amorphous silica and microcrystalline quartz from outcrops of the Upper Cretaceous Heidelberg Formation, Germany.  We have used an array of techniques including: NanoSIMS for spatially-resolved stable oxygen isotope analysis, and high-resolution chemical analysis of the silica cements using electron microprobe analysis, as well as crystallographic studies using TEM and EBSD.  Based on burial history modeling and the low degree of compaction of the Heidelberg Formation sandstones, we conclude that maximum temperature due to conductive heating was about 42C; quartz overgrowths with δ18O of 18.8 ‰ developed from meteoric-derived formation water with δ18O of about -12 ‰ V-SMOW.  Based on published precedents and an awareness that silica solubility decreases with decreasing temperature, we assume that chalcedony/amorphous silica and then microcrystalline quartz developed during cooling of flowing formation water.  Chalcedony with δ18O of 27.4 ‰ developed from meteoric-derived formation water with δ18O of between -1 and -3 ‰ V-SMOW depending on whether the initial temperature of the cooling formation water was 45 or 55C.  The interpreted higher δ18O of the warmer water responsible for chalcedony and microcrystalline quartz growth is typical of basin-center waters that have undergone considerable water-rock interaction.  It is likely that the fluid movement was caused by thrust tectonics in the Coniacian to Campanian.  The duplicate layers of chalcedony/amorphous silica and then microcrystalline quartz suggests that there were two thrust-induced fluid expulsion events.


1.  INTRODUCTION
Quartz overgrowths are the most common authigenic silicates in sedimentary rocks and are the primary cause of porosity loss in quartz-rich sandstones (McBride, 1989; Worden and Morad, 2000; Worden et al. 2018).  In most deep basinal, mesogenetic, conditions, it has been reported that quartz overgrowths typically grow at temperatures that are greater than 80°C (e.g., McBride, 1989; Ramm et al., 1997; Lander and Walderhaug, 1999; Walderhaug, 2000; Worden and Morad, 2000). Overgrowths develop as simple crystal extensions from detrital quartz grains and form euhedral crystals.  Several recent studies have investigated the effect of quartz overgrowths on diagenesis and porosity (Anovitz et al., 2013, 2015, and 2018).  Microcrystalline quartz cement, typically generated from biologically-derived silica (Vagle et al., 1994; Hendry and Trewin, 1995; Thiry and Ribet, 1999; Lima and De Ros, 2002), occurs as fine coatings of crystals on quartz grains.  Microcrystalline quartz is also found as a typical cement in silcretes (Abdel-Wahab et al., 1998; Thiry and Marechal, 2001; Ullyott and Nash, 2006;).  It notably prevents the growth of syntaxial quartz overgrowths, which subsequently leads to anomalously high porosity in deeply buried sandstone reservoirs (McBride, 1989; Vagle et al., 1994; Aase et al., 1996; Jahren and Ramm, 2000; and Bloch et al., 2002; Lima and De Ros, 2002).  Microcrystalline quartz cement, 0.1-10 µm in size, coating the surface of grains in sandstones, has been previously identified in numerous studies (McBride, 1989; Vagle et al., 1994; Aase et al., 1996; Ramm et al., 1997; Jahren and Ramm, 2000; Lima and De Ros, 2002; Aase and Walderhaug, 2005).  In the North Sea Basin, microcrystalline quartz occurs in sandstone reservoirs that contained biologically-derived amorphous silica (sponge spicules) (Vagle et al., 1994; Lima and De Ros, 2002).  The growth mechanisms of microcrystalline quartz, and how it inhibits ordinary quartz cement, have only recently been investigated (Haddad et al., 2006; Worden et al., 2012; French et al., 2012; French and Worden, 2013).  
Microcrystalline quartz cement growth on detrital quartz sand grains was recently studied and documented using electron backscatter diffraction (EBSD) (Haddad et al., 2006; Worden et al., 2012; French et al., 2012; French and Worden, 2013) showing that the microcrystalline quartz crystals grow with their fast growth c-axes parallel to the quartz grain surface, impinge on one another and thus restrict each other’s growth (Worden et al., 2012; French et al., 2012; French and Worden, 2013).  Several early oxygen isotope studies on homogenized samples (bulk analysis) of chert have been conducted (O’Neil and Hay,1973; Knauth and Epstein, 1976; Blatt, 1987; and Abruzzese et al., 2005), as well as oxygen isotope studies on homogenized samples of detrital quartz and quartz overgrowths (Vagel et al., 1994; and Hervig et al., 1995).  Several more recent studies have reported data on in situ microanalysis of detrital quartz and quartz overgrowths (Graham et al., 1996; Williams et al., 1997; Marchand et al., 2002; Lehmann et al., 2011; Kelly et al., 2007; Harwood et al., 2013; Hyodo et al. 2014; Pollington et al., 2011; Oye et al, 2018, Denny et al., 2019 and Oye et al., 2020), including some experimental data on quartz overgrowths (Pollington et al., 2016).  Relevant studies by others include: authigenic opal in situ analysis reported by Oster et al. (2017), bulk analysis of microcrystalline quartz, cristobalite, and opal in the Monterey Formation, where silica polymorph thicknesses were sufficient to obtain a homogenous sample (Murata et al., 1977) and bulk analysis of microcrystalline quartz and chalcedony in the Brora Formation (Vagle et al., 1994). The most similar study to this work was done by Cammack et al. (2018) using both bulk and in situ analysis of detrital quartz, quartz overgrowths, microcrystalline quartz and chalcedony that occurred during low temperature hydrothermal activity in the Archean chert in the Strelley Pool Formation (Western Australia), which were originally precipitated as carbonates and were later widely replaced by quartz. Higher precision has been reported in many of the above papers. The work reported herein attempts to strike a balance between high spatial resolution, adequately high precision, in situ oxygen isotope analyses of porosity-preserving microcrystalline quartz, chalcedony and amorphous silica in sedimentary rocks to explain the temperature, timing and growth mechanism for porosity-preserving microcrystalline quartz in sandstone reservoirs.  Understanding the growth mechanism for porosity-preserving microcrystalline quartz growth could lead to new exploration opportunities in deeply buried petroleum reservoirs.  Trace element concentration data have been reported from various authors for hydrothermal quartz (Rusk et al., 2008; Lehmann et al., 2009; Götte et al., 2011; and Lehmann et al., 2011) and agates (Götze et al., 2001), but there have been few reports of trace element data from quartz cements (Kraishan et al., 2000).
Here we have studied the crystallography and growth mechanisms for porosity-preserving microcrystalline quartz and other quartz cements in the Upper Cretaceous Heidelberg Formation, Germany.  The Heidelberg sandstones contain a range of cement styles including normal quartz overgrowths on some quartz sand grains and concentric bands of silica polymorph cements (Voigt et al., 2006) that are the subject of this study.
This study integrates the results from a variety of analytical techniques including: conventional optical analysis, Secondary Electron Imaging (SEI), Backscattered Electron Imaging (BSE), cathodoluminescence (CL), Electron Backscatter Diffraction (EBSD), Transmission Electron Microscopy (TEM) and Secondary Ion Mass Spectrometry (SIMS).  These have been used to crystallographically characterize the silica polymorphs and produce spatially resolved stable isotope and trace element data from detrital quartz and the different morphological types of silica cement.  We examine the oxygen isotopic signature and trace elements of the silica polymorphs found in the Heidelberg Formation in the context of detailed mineralogical examination and, integrated petrographic methods to further develop the understanding of the origin of porosity-preserving microcrystalline quartz in sandstone reservoirs.  The specific research questions being addressed are:
1. Is there a link between stable oxygen isotope values and silica polymorph variations in microcrystalline quartz cemented sandstones?
2. Is there a link between trace element concentrations and silica polymorph variations?
3. What were the conditions during mixed amorphous silica plus chalcedony and microcrystalline quartz growth in the Heidelberg Formation?
2.  GEOLOGIC SETTING 
[bookmark: _Hlk54846304]The Cretaceous Heidelberg Sandstone is located in the Subhercynian Cretaceous Basin at the northern border of the Paleozoic Harz Mountains, Germany (Fig. 1) and consists primarily of marine, fine-grained, quartz-cemented quartz arenite sandstones (Voigt et al., 2006). The diagenesis of the Heidelberg Formation has been described in French et al. (2012), Fisher et al. (2013), and Worden et al. (2012). The Heidelberg Formation is approximately 400-500 m thick and covers the eastern Subhercynian Cretaceous Basin between Quedlinburg and Blankenburg, Germany.  Thrusting of the Harz Mountains onto its foreland led to flexuring of Permian to Late Cretaceous strata that now form a steeply dipping sequence in front of the Harz Mountains (Franzke, 1990; Voigt and von Eynattan, 2004).  The sedimentology of the Heidelberg Formation has been described in von Eynatten, et al. (2008). Based on the degree of compaction of the sandstones and the intergranular volume of 30  5 %, Fisher et al. (2013) concluded that these rocks have not been deeply buried. Based on typical compaction models (Ramm, et al., 1997), this would suggest a maximum interpreted depth of burial of about 1,000  500 m.  
At outcrop, and across the basin, most of the Heidelberg Formation sandstone is relatively friable. Fischer et al (2013) described a locally highly quartz cemented sandstone body that occurs in layers that are less than 5 m thick and that extends laterally over an area of several hundreds of meters. It was suggested by Fischer et al. (2013) that the quartz cement in the highly quartz cemented zone was derived from silica dissolution in structurally localized cataclastic deformation bands, with a consistent flow path leading to zones of sustained quartz precipitation. The samples that we have worked on were from a friable sandstone that was adjacent to the highly quartz cemented body.

3.  SAMPLES and METHODS
3.1 Samples
Samples from the Teufelsmauer outcrop of the Cretaceous Heidelberg Sandstone were provided by C. Fischer and S. Waldmann (University of Göttingen, Germany) and described by Fischer et al., (2013) (Fig. 1). 
3.2 Light optical and electron microscopy 
Petrographic characterization, SEM SEI and BSE analysis of the silica polymorphs in the Heidelberg Sandstone was reported in detail in Worden et al. (2012) and French et al. (2012) and summarized here.  Transmitted-light optical analysis was performed to identify and locate quartz overgrowths and microcrystalline quartz on detrital host quartz grains. High resolution secondary (SEI) and backscattered electron images (BSE) were acquired using a JEOL 6330F FEG-SEM.
3.3 Cathodoluminescence (CL)
Quartz overgrowth cement can be difficult to distinguish from detrital quartz grains by optical and SEI microscopy, but CL imaging can easily differentiate them.  CL was used here to differentiate detrital quartz grains from syntaxial quartz overgrowths and microcrystalline quartz (Evans et al., 1994).  A JEOL 6490LV SEM, fitted with a Gatan CL detector (ChromaCL-006), was used for CL analysis.  CL images were taken with an accelerating voltage of 10 kV (in contrast to 20 kV for BSE), 8 nA beam current, and a 16.5 mm working distance.  CL images were collected by accumulating a signal of 500 frames, using a slow-scanning raster and red, green, and blue wavelength CL were collected and integrated to produce a ChromaCL image. The CL image was subsequently used to select areas for isotope analysis based on overgrowth cement and microcrystalline quartz zones. 
3.4 Electron backscatter diffraction and transmission electron microscopy
Crystallographic orientation of the silica polymorphs was determined using EBSD analysis, performed on polished thin sections using a LEO 1530 SEM fitted with an Oxford-HKL EBSD system. Samples were prepared for TEM using a FIB-SEM and analyzed in a Philips CM200F TEM/STEM operated in the bright field imaging TEM mode at an accelerating voltage of 200 kV.
3.5 Wavelength dispersive spectroscopy
Wavelength dispersive spectroscopy was performed using a JEOL 6400 SEM with two 4-crystal wavelength dispersive spectrometers. Limited automation was provided by a Tracor “PAC” interface controlled using Probe for Windows (v. 8.06) written by John J. Donovan. Trace elements analyzed in the quartz overgrowth and concentric bands were: Al, Na, Mg, K, Ca, Ti, Fe, Cr, and Mn. Analysis times were 300 seconds on peak, 50 seconds on each background.  The accelerating voltage was 15 kV, beam current 115 nA, probe size ~ 3 μm and spot size of 5-10 μm.  The standards employed were SRM-1212 for Al, Na, K, and Ca, MgO for Mg, TiO2 for Ti, Cr2O3 for Cr, and manganese metal for Mn. Data were quantified using Probe for Windows software. First order limits of detection (3 sigma) based upon counting statistics are: 12 ppm for Al, 24 ppm for Na, 19 ppm for Mg, 22 ppm for K, 26 ppm for Ca, 38 ppm for Ti, 216 ppm for Fe, 112 ppm for Cr, and 129 ppm for Mn.  All analysis points were below detection for Cr and Mn and these elements are not discussed further. 
It should be noted that these analysis conditions are quite aggressive, and some sample damage was observed. Electron beam induced damage craters on the order of 4um x 4um x1um were observed post-analysis. It was recognized that absolute measurement of the lowest concentration species could suffer from electron beam induced migration, but attempts at measuring this effect given the observed beam damage were limited. Interpretation of the absolute values of these species needs to be done with this concern in mind. However, the data showed significant differences in those species most typically susceptible to this effect (i.e., Na, K, Ca) and thus is deemed adequate for grouping individual grains accordingly.
3.6 Secondary ion mass spectrometry
Samples were injected with blue-dyed epoxy resin to hold the grains in place during sample preparation and were cast in 25mm diameter epoxy rounds with the quartz isotopic standard UWQ-1 (Kelly et al., 2007). The samples were imaged and analyzed using facilities at ExxonMobil’s Upstream Research Company, using a Scanning Electron Microscope (SEM) with Secondary Electron Imaging (SEI), Backscatter Electron Imaging (BSE), cathodoluminescence (CL), as well as a petrographic microscope.  Operating conditions and details of those analyses can be found in French et al., (2012).  Spatially-resolved Secondary Ion Mass Spectrometry (SIMS) analysis, Electron Backscatter Diffraction (EBSD), Wavelength Dispersive Spectroscopy (WDS) and Transmission Electron Microscope (TEM) analyses were performed at ExxonMobil’s Corporate Strategic Research Company.  Spatially-resolved 18O/16O isotope ratio analyses were performed using a Cameca NanoSIMS N50.  Analysis conditions were: 16 keV, 250 pA for the Cs+ primary beam, electron flood gun for sample charge neutralization, and mass resolving power set to ∆M/M~5000.  Because of the 1/500 abundance ratio, the NanoSIMS multi detector system was used as follows in this study.  Using the Faraday Cup for the high flux of 16O and the more sensitive electron multiplier for 18O, allowed rapid, precise analyses while allowing for a high count-rate.  Multiple cycles (~50) were measured per data point over a period of approximately 10 minutes to yield sufficient counts to attain counting statistics internal precision of one standard deviation (SD) equal to 0.15 ‰.  In order to maintain a balance between desired spatial resolution and precision using the NanoSIMS, the highly focused (~50 nm) ion beam was rapidly rastered within a 5 μm by 5 μm square area during data collection.   The reproducibility versus the dimension of this square raster area was tested, finding no significant loss of precision until the rastered area was below 3 μm by 3 μm.  Atomic Force Microscope (AFM) analysis indicated a crater depth of ~ 250nm, confirming the highly localized nature of the measurements.  There have been several SIMS studies of oxygen isotopes in sedimentary quartz (Hervig et al., 1995; Graham et al., 1996; Girard et al., 2001; Hiatt et al., 2007; Kelly et al., 2007; Marchand et al., 2002; Williams et al., 1997).  Our analytical protocol most closely follows that of Valley and Kita (2009).  A reference quartz grain was embedded into the center of each sample mount; in this study UWQ-1 was used (Kelly et al., 2007).  The primary function of this standard is to correct for matrix effects on the isotope ratio, but it also establishes the instrumental reproducibility for a given analytical session (Valley and Kita, 2009) and corrects for Electron Multiplier aging.  A typical data collection protocol for each analytical session, (~10 hours) is: 1) analyze the standard (>5 points), 2) analyze 10-15 points from the sample, and 3) re-analyze the standard.  Occasionally, step 2 was repeated after step 3.  A linear drift correction, calculated from the two sets of standard analyses, was then applied to the isotope ratios.  This correction was typically on the order of 0.4% in the absolute ratio. Following this correction, the average value of the standards was calculated, and the resulting matrix correction was applied to the sample analyses.  The standard deviation of the standard analyses was calculated for a given analytical session as are the estimated error for each sample point measured in that analytical session.  The values herein are all within one standard deviation but somewhat larger than the standard error (SE).
[bookmark: _Hlk73458439]Because several silica phases were encountered, and so the possibility that their matrix corrections could significantly differ was considered.  This is especially true if the variable amounts of water are contained in the sample vs. the standard. For this study, several silica standards were measured, both quartz and amorphous silica, with attention to relative OH signals, but all produced the same matrix correction.  The standard used were as follows: 1) Gee Whiz Standard, source: Z. Sharp, (University of New Mexico), 18O/16O Isotopic composition = 12.5‰ VSMOW, Lausanne Standard, source: Z. Sharp, (University of New Mexico), 18O/16O Isotopic composition = 18.6‰ VSMOW, UWQ-1 Standard, source, J. Valley, (University of Wisconsin), 18O/16O Isotopic composition = 12.33‰ VSMOW, and WCH Optical Flat Standard, source: Edmunds Scientific, 18O/16O Isotopic composition = 19.86‰ VSMOW.  Particular attention was given to resolving and monitoring hydride interferences at mass 18 through a combined use of a Mass Resolving Power (MRP) of 3000 and careful setting of the energy slits. Recent SIMS analysis of opal (Cunningham et al., 2012; Oster et al., 2017produced a matrix correction that is equal, i.e., within experimental error, to that for quartz.  The Cunningham et al. (2012) data were obtained on a CAMECA 1280, operating under conditions somewhat similar to those used in the NanoSIMS.  While there are differences between these instruments, these data suggest that a single matrix correction is justified for all the silica phases reported in this work.
To pinpoint oxygen isotope values of individual layers of the silica overgrowths required that transect scans were performed through the key regions.  Although the ablation raster area was sufficiently small to isolate individual layers, the stage positioning is imprecise.  Key regions containing the silica layers were identified based on CL, SEI, and BSE images before SIMS analysis. During the SIMS analysis, transects were performed across these regions, using small step sizes.  After SIMS analysis, the silica type associated with each spot was identified using SEI and CL.   Each point was assigned to one of the following: detrital grain, quartz overgrowth, microcrystalline quartz, and amorphous silica with chalcedony. Each generation/cycle was also identified.  It should be noted that analyses from craters which did not align directly with a grain could be subject to different instrumental bias effects on rough features. Based upon separate AFM analysis of crater depths on silicon wafers, we believe the crater depths and subsequent relief to be less than 250nm, and thus present a minor issue with respect to these measurements (Kita et al., (2009).  All isotope data are here reported relative to the V-SMOW standard. 
4. RESULTS
4.1 Light optical and electron microscope imaging analysis
The location of the quartz overgrowths in transmitted light was based on the identification of euhedral crystals having sharp, clean edges (dust rims; Lee and Savin, 1985, were uncommon in these sandstones).  Optical images (Fig. 2a), and red CL (Fig. 2d) show rounded detrital quartz grains, some of which have angular facets (see arrows) caused by quartz overgrowth crystal faces.
Transmitted-light optical images highlighted the presence of thin concentric bands parallel to the detrital grain or the overgrowth edge, which contain areas of microporosity (revealed by the coloration introduced by the injection of blue epoxy during sample preparation) between the grains and microcrystalline quartz lining the pores (Fig. 2a). Secondary electron imaging revealed that the polished surface was locally variable in the concentric bands, even though the sample was a mechanically polished section (Fig. 2b). This variability is due to the sample being microporous, although the concentric bands may also have slightly different resistances to mechanical polishing than the detrital quartz grains. BSE imaging and EDS analysis revealed that the grains, overgrowths, and concentric bands are all composed of SiO2 (Fig. 2c).  The differences in the BSE image are again related to the differences in microporosity in the microcrystalline quartz bands.
4.2 Cathodoluminescence (CL) analysis
The red CL image (Fig. 2d) discriminates detrital grains that luminesce brightly, quartz overgrowths with zoned, somewhat variable luminescence, and the optically-defined concentric bands that contain dark luminescent layers and thinner, slightly more luminescent layers, all of which coat the rim of the pore. The SEI image (Fig. 2b) also shows several distinct bands beyond the detrital grain/overgrowth.  CL (Fig. 2d) images reveal four bands that are interpreted to be the result of four discrete phases of silica polymorph growth to create the concentric bands.
4.3 Electron backscatter diffraction and transmission electron microscope analysis
[bookmark: _Hlk73370510]As expected, quartz overgrowths are syntaxial with the detrital grain that they grow directly upon.  Quartz overgrowths have the same crystallographic orientation as their host detrital quartz grains, as confirmed by EBSD analysis.  The four bands revealed in CL (Fig. 2d) are not considered quartz overgrowths because they do not grow directly on the detrital grain and they are not syntaxial with the detrital grain.  Maps of crystal orientation (Figs. 2e-f) show the same color (and thus same orientation) for the quartz grain and the quartz overgrowth.
EBSD and CL images differentiated four bands within the concentric layers; alternating light luminescent and dark luminescent bands; here called bands 1 to 4 (Figs. 2e-f). Bands 1 and 3, despite being composed only of silica, could not be indexed using EBSD (i.e., they could not have any crystallographic orientation defined) since they displayed no EBSD response (Figs. 2e-f). Examination of individual electron backscatter patterns (EBSPs), from specific points of analysis by the 1 m2 electron beam within the unindexed zones, found there to be no well-developed Kikuchi patterns.  This suggests that the unindexed bands are amorphous silica. However, further investigation with TEM (Fig. 3) confirmed that these bands contain both amorphous silica plus 100 nm-sized chalcedony crystals (Vagle et al., 1994; Worden et al., 2012).  In summary, BSE, CL, EBSD, and TEM reveal that the concentric bands of silica cement represent the sequential growth of different silica polymorphs.  These events led to the following sequence: an initial amorphous silica layer, followed by a layer containing both amorphous silica and length-fast chalcedony (Fig. 3) (Miehe et al., 1984; Heaney, 1993; Heaney et al., 1994; Heaney and Davis, 1995; French et al., 2013), followed by microcrystalline quartz.  This sequence was then repeated one time.  The concentric bands followed an initial period of minor quartz overgrowth development.  Length fast chalcedony is the most common form of chalcedony, length slow chalcedony being unusual in nature and found almost exclusively associated with sulfates and evaporites (Pittman and Folk, 1971; Folk and Pittman, 1971).
4.4 Stable isotope NanoSIMS analysis
The CL image of the Heidelberg Formation (Fig. 4), revealed the analysis pits after three scans in the NanoSIMS along a traverse from the detrital grains through the quartz overgrowths and into the microcrystalline quartz.  The CL image for each scan, showing the NanoSIMS sputtering craters (in blue), has been added to link the stable isotope data to the variety of silica (Figs. 5a, b, and c).  The silica polymorphs were identified by reference to CL (and earlier TEM) imaging as: detrital quartz grains (▲), quartz overgrowths (●), microcrystalline quartz (□), and a combination of mixed amorphous silica plus chalcedony along with microcrystalline quartz (◊).
Stable isotope data are reported in Table 1.  The focus of this study is the silica cements, hence few of the detrital grains were sampled, but of those sampled the detrital quartz grains have an average δ18O of 9.4 ‰ ± 1.5 ‰ (1SD) and a range from 7.7 ‰ to 12.4 ‰. Quartz overgrowths have an average δ18O of 18.8 ‰ ± 2.3 ‰ and a range from 15.6 ‰ to 21.1 ‰.  Microcrystalline quartz has an average δ18O of 21.8 ‰ ± 2.0 ‰ and a range from 18.1 ‰ to 23.5 ‰. Where microcrystalline quartz is intergrown with mixed amorphous silica plus chalcedony (i.e. where the bands are at a scale smaller than the spatial resolution of the NanoSIMS), the average δ18O has an average 27.4 ‰ ± 1.7 ‰ with a range from 24.9 ‰ to 30.9 ‰. Given that microcrystalline quartz was probably analyzed along with the mixed amorphous silica plus chalcedony, the mean value of 27.4 ‰ probably represents a combination of microcrystalline quartz (with an average δ18O of 21.8 ‰) and mixed amorphous silica plus chalcedony.  The layer solely composed of mixed amorphous silica plus chalcedony probably has an average δ18O value in excess of 30 ‰.
These values fall within the range of oxygen isotope values published previously for silica polymorphs from other sedimentary basins around the world (Table 2).  These previous studies include earlier studies which used classical bulk analytical techniques (homogenized samples of more than 10 mg of quartz)  (O’Neil and Hay, 1973; Knauth and Epstein, 1976; Murata et al., 1977;  Blatt, 1987; Vagle et al., 1994; Hervig et al., 1995 and Williams et al., 1997; ) and spatially resolved oxygen isotope analysis (Kita et al., 1985; Marchand et al., 2002; Abruzzese et al., 2005;  Pollington et al., 2011; Harwood et al., 2013; Hyodo et al., 2014; Pollington et al., 2016; Oster et al., 2017; Cammack et al., 2018; Oye et al., 2018; Denny et al., 2019; and Oye et al., 2020. The present study is exciting because it reveals systematic zoning and more variability than was possible by classical bulk analytical techniques.
4.5 Wavelength dispersive spectroscopy analysis
Wavelength Dispersive Spectroscopy (WDS) analysis was conducted on a sample from the Heidelberg sandstone in a traverse from a detrital quartz grain through a quartz overgrowth and into the consecutive pairs of mixed amorphous silica plus chalcedony and microcrystalline quartz bands (Fig. 6).  The WDS data are reported in parts per million (ppm) (Table 3). The detrital quartz grain and quartz overgrowth trace element concentrations are low compared to some of the values from the bands extending from the edge of the overgrowth into the former pore space. The trace elements with the highest concentrations are Fe, Al and Ca (Table 3).
The WDS profile from the overgrowth through the concentric silica bands show distinct variations in iron and aluminum concentrations with the greatest concentrations in the mixed amorphous silica plus chalcedony bands, and lower concentrations in the microcrystalline quartz bands (Fig. 6). The microcrystalline quartz bands have similar compositions to the detrital grain and quartz overgrowth (i.e., they have relatively low concentrations of trace elements). 
4.6 Basin models: limits to the temperature of mineral growth
A burial history for the Heidelberg Formation was generated using BasinMod and simple boundary conditions involving deposition of about 700 m of Upper Cretaceous and Paleocene sediment on top of the Heidelberg Formation (Fig. 7A).  The resulting thermal model (Fig. 7B) was generated for the Permian to present day time in BasinMod, using sandstone, siltstone and shale with a water depth of 0 meters (constant through time), surface temperature of 17C (constant through time) and a bottom heat flow of 50 mW/m2 (constant through time).  This simple model suggests that the Heidelberg Formation. has been heated to 42C.  A more realistic model was also produced that involved uplift and erosion of the 700 m of the post-Heidelberg Formation. Upper Cretaceous and Paleocene sediment bringing the samples to the current outcrop position (Fig. 7C).  This refined model similarly suggests that the Heidelberg Formation has been heated to a maximum temperature of 42C (Fig. 7D).  Given that many researchers assume that substantial volumes of quartz overgrowths do not grow unless the temperature is > 80C (McBride, 1989; Ramm et al., 1997; Lander and Walderhaug, 1999; Walderhaug, 2000; and Worden and Morad, 2000), we also produced a model with increased burial and uplift to assess how much extra sediment overburden is required to take the Heidelberg Formation sandstones to a maximum temperature of 80C.  Burial would need to have been to about 3,000 m (with an extra 2,300 m of burial compared to Fig. 7C). There is no hard evidence to support this degree of burial and uplift. The low degree of compaction of the Heidelberg Formation, reported by Fischer et al. (2013), strongly suggests that these sandstones have not been deeply buried and argues strongly against the plausibility of the model in Figures 7E and F.
5.  DISCUSSION
5.1 Interpretation of trace element concentrations: limits to the temperature of mineral growth
Trace elements in silica minerals can be present as part of a true solid solution, as material within aqueous fluid inclusions, and as solid inclusions.  Al, Fe3+ and Ti are considered to be able to form limited solid solution with quartz due to their similar ionic size and charge (Götze, 2009).  While a limited quantity of monovalent cations is required to charge balance the substitution of Al and Fe3+ in quartz, most mono- and di-valent cations (Na, K, Mg, Ca) are probably present within aqueous fluid inclusions (Götze, 2009).  Submicroscopic solid inclusions can also account for elevated concentrations of metals in quartz (e.g., rutile needles or acicular hematite in quartz; Götze, 2009).
The trace element concentration data, apart from Al, in the silica cements, and especially the concentric bands (Figs. 2, 6) are difficult to interpret, but it is noteworthy that Ti, Fe, Na, Ca, K and Mg are all at elevated concentrations in the mixed amorphous silica plus chalcedony band relative to both the quartz overgrowth and the microcrystalline quartz.  Cations of common salts (Na, K, Mg, and Ca) may be at elevated concentrations in mixed amorphous silica plus chalcedony due to their entrapment within fluid inclusions (no fluid inclusions were identified concluding that any fluid inclusions were submicroscopic)).  A possible future study could include a systematic correlated WDS/NanoSIMS study which might detect unresolved fluid inclusions by measuring OH levels. In contrast, the high concentrations of Ti may be present in solid inclusions, or possibly in solid solution, within mixed amorphous silica plus chalcedony.  Iron, like aluminum, is considered to form a limited solid solution with silica (Götze, 2009) and maybe structurally bound within the chalcedony.
WDS analysis of the silica polymorphs (Fig. 6) shows that the first layer in each of the concentric bands (analysis #5 and #10) has the highest concentrations of Al (Figs. 2, 6).  EBSD and TEM imaging (Figs. 2, 3) revealed that the material in the first layer is mixed amorphous silica plus chalcedony containing 100 nm-sized chalcedony and some amorphous silica.  A layer of microcrystalline quartz was deposited on each of the mixed amorphous silica plus chalcedony bands; microcrystalline quartz has low concentrations of trace elements, including aluminum and iron.  The repeated pattern of high aluminum and iron concentrations in the mixed amorphous silica plus chalcedony band, followed by the lowest concentrations in the microcrystalline quartz, is evidence of at least two discrete episodes of fluid influx.  There are numerous precedents for elevated aluminum concentrations in other amorphous forms of silica such as opal and agate (Heaney and Davis, 1995; Merino et al., 1995; Götze et al., 2001).  Aluminum concentration data, in mixed amorphous silica plus chalcedony, are difficult to interpret and are not considered to be directly related to temperature of growth (Götze et al., 2001).
Dennen et al. (1970) reported on the application of aluminum concentration data from quartz as a geothermometer and that quartz forming in aluminum-saturated environments contains an aluminum concentration that varies with temperature of crystallization, i.e., aluminum concentration varies at a rate of approximately 1 ppm Al per 3.6oC change in temperature.  Dennen et al. (1970) proposed that this covariance of aluminum content and temperature is related to the temperature-dependent solubility of aluminum in quartz.  
In the quartz overgrowths in the Heidelberg Formation, aluminum is below detection (i.e., < 12 ppm; Table 3, Fig. 6) suggesting low temperature growth.  For example, if we assume that the aluminum concentration in microcrystalline quartz is ≤ 11 ppm then a growth temperature of ≤ 70ºC is implied (Dennen et al., 1970).  From this analysis we can conclude that the quartz overgrowths developed at temperatures of ≤ 70ºC; significantly, no minimum temperature of growth can be inferred from the trace element concentration data.  This interpreted maximum temperature does not contradict the output from the burial and thermal history modeling which suggested a maximum burial temperature of 42ºC (Fig. 7).
5.2 Model for sequential microcrystalline quartz growth
[bookmark: _Hlk73436865]Each generation of silica cement can be isolated in part of an SE image to illustrate a simple model of the paragenetic sequence of the silica cement layers.  Quartz grains first underwent a small amount of normal quartz overgrowth formation, as described by Fischer et al. (2013) and French et al. (2012).  On top of earlier quartz overgrowths, amorphous silica first developed, followed by mixed amorphous silica plus length-fast chalcedony, and then microcrystalline quartz (Fig. 8).  A second cycle, repeating this sequence of events, involved amorphous silica growth on top of microcrystalline quartz, again followed by mixed amorphous silica plus length-fast chalcedony, and then microcrystalline quartz.  Length fast chalcedony, in contrast to quartz, which has elongation parallel to the c-axis, i.e. the quartz growth axis, has elongation perpendicular to the c-axis (Michel-Lévy and Munier-Chalmas, 1892, Miehe et al., 1984, and Heaney, et al,.1994).
Microcrystalline quartz nucleated on the underlying length-fast chalcedony and inherited its crystallographic orientation resulting in length-fast growing quartz, with C-axes parallel to the surface (French et al., 2012).  Inheriting the length-fast chalcedony crystallographic orientation had several impacts on the microcrystalline quartz: 1) it produced small crystals because it nucleates on 100 nm size crystals (Lander et al., 2008) within the mixed amorphous silica plus chalcedony as a template, 2) it grows parallel to the surface thereby impinging on neighboring microcrystalline quartz crystals and 3) by growing parallel to the surface, it cannot grow into the pore space (as quartz overgrowths) and so it does not appreciably occlude porosity.
Based on Kastner et al. (1977), the interpreted sequence of mineral growth, represented in Figures 8 and 9, probably represents an initial (large) increase in silica saturation as the system evolved from precipitating quartz overgrowths to amorphous silica.  Subsequently, silica saturation decreased as the layers evolved to grow mixed amorphous silica plus chalcedony and then microcrystalline quartz.  This is a cycle of increasing and then decreasing silica saturation.  For example, if we assume a growth temperature of 42C, then quartz overgrowths developed from water with about 11 ppm SiO2. This then evolved to water with about 170 ppm SiO2 required to grow amorphous silica; subsequently SiO2 decreased to about 30 ppm and probably lower values as microcrystalline quartz developed.  The next layer of amorphous silica testifies to another increase in SiO2 concentration to about 170 ppm, followed by another decrease to about 30 ppm and lower (Fig. 1 from Kastner et al., 1977). Note that this model assumes growth of the silica phases at the same temperature. The implications of non-isothermal growth will be discussed later.
5.3 Sources of silica in the layered cements
There are a variety of potential biotic and abiotic sources for silica.  Abiotic silica sources include volcanic ash and glass, hydrothermal fluids (e.g., hot springs, and agates), chemical weathering of opaline organic remains in sediments, feldspar dissolution, mineral reactions (e.g., smectite reacting to form illite), and deposition from meteoric circulation.  Biochemical silica derives from silica-rich tests from radiolarians, diatoms, sponge spicules, silica secreting plants and grasses.  Fein (2000) discussed organo-silica complexes and growth of quartz cement; organo-silica complexes have been suggested to be a major source of silica in the microcrystalline quartz cemented Fontainebleau Formation (Thiry and Marechal, 2001).
The quartz cement in the Heidelberg Formation has been linked with a wide range of possible sources: fluid convective processes, (e.g., migration of silica-rich fluids from depth due to hydrothermal activity, Voigt et al., 2004, Fischer et al., 2013), pore space infiltration driven by tectonic forces (Voigt et al., 2004 and 2006; Fischer et al., 2013) and by groundwater hydraulic mechanisms (Voigt and von Eynatten, 2006).  Based on the evidence that cementation is confined to the sandstones with the highest porosity on the flanks of the basin, Voigt and von Eynatten (2004, 2006) proposed that the cementation may have been due to artesian compaction fluids driven by the load of ongoing sedimentation from the center of the basin to the flanks.  Diagenetic alteration of feldspars to clay minerals in the basin center followed by expulsion to the flanks has also been proposed to be possible sources of silica in the Heidelberg silica cement (Klimczak and Schultz, 2012).  It has been suggested that quartz cementation in the Heidelberg Formation is of tectonic origin and was possibly caused by stress-induced quartz dissolution along deformation bands and precipitation (Fischer et al., 2013; Klimczak and Schultz, 2012).  Any of these sources of silica could plausibly have brought silica into the Heidelberg Formation causing the cements to form, plus organo-silica complexes may also have helped lead to elevated silica saturations.  As is not atypical for research concerned with sources of SiO2 in cement (Worden and Morad, 2000; Worden et al., 2018), it is not possible to uniquely define the origin of the silica in the cements in the Heidelberg Formation.
5.4 Detrital quartz and quartz cement oxygen isotope data
[bookmark: _Hlk55374722]The range of δ18O values for the detrital quartz grains analyzed (Tables 1 and 2) is expected given the range of source terrains (each with their own geological history) that could have contributed to the supply of detrital quartz to the Heidelberg Formation.  They appear to be homogeneous within uncertainty. The δ18O values of detrital quartz grains cannot be easily interpreted and are not important for the interpretation of the δ18O values of the silica cements. In situ oxygen isotope values from the various silica cements in the Heidelberg Formation fall within the ranges of previously published data from around the world for microcrystalline quartz and chalcedony (Table 2).  Quartz overgrowths have lower δ18O values than microcrystalline quartz.  Mixed amorphous silica plus chalcedony has the highest δ18O values from the silica cements.
The oxygen isotope signature of any diagenetic mineral is a function of two variables: the temperature of growth and the δ 18O of the water that led to mineral growth.  The splitting of oxygen isotopes between the mineral and water is a direct function of temperature of growth and can be represented by an isotope fractionation equation.  There has been a range of quartz-water oxygen isotope fractionation equations published.  Clayton et al. (1972) and Matsuhisa et al. (1979) published second order polynomial equations of the type (A x 106/T2 – B) where A and B are in the experimentally derived constants specific to each mineral and T represents temperature in degrees Kelvin.  Below 500C, A is equal to 3.38 and B is equal to 3.4.  Between 500C and 750C, A is equal to 2.51 and B is equal to 1.96 (Clayton et al., 1972).  Meheut et al. (2007) published a third order polynomial describing the fractionation.  While the three published fractionation equations (Clayton et al., 1972; Matsuhisa et al. 1979; Meheut et al, 2007) are different in detail, they give similar results (i.e., less than 1 ‰ difference at low temperatures).
The oxygen isotope fractionation between amorphous silica and water has been published and is also of the type (A x 106/T2 – B) (Kita et al., 1985).  The A and B constants are both slightly higher than those for quartz (A is equal to 3.52 and B is equal to 4.35; Kita et al., 1985) and these differences effectively cancel each other out.  In practice, there is negligible difference between the isotope fractionation of quartz and water and amorphous silica and water (Clayton et al., 1972) so that the specific type of silica polymorph does not seem to play a significant role in influencing the measured δ18O of the silica cements.  It seems that defining the type of silica is not of significance for the interpretation of the stable oxygen isotopes, which means that the mixture of amorphous silica and chalcedony will not influence the interpretation of the δ18O values.
On the basis of the isotope fractionation equations and the average δ18O values of mixed amorphous silica plus chalcedony, microcrystalline quartz and quartz overgrowths, we have constructed curves for each cement type that represent the possible permutations of temperature of growth and water δ18O (Figs. 10A and B).  Although we do not know the exact temperatures of growth of quartz overgrowths, we can place limits on the conditions of growth. The burial history modeling suggested a maximum temperature controlled by normal heat conduction of 42C (Fig. 7). This low maximum temperature of burial is supported by the low degree of compaction of the sandstones, reported by Fischer et al. (2013). By reference to the quartz-water fractionation curve, the maximum temperature of 42C leads us to conclude that the quartz overgrowths formed from water with a δ18O value of about -12‰ V-SMOW (Fig. 10A).
5.5 Meteoric water influx and quartz precipitation
We have shown that the water that led to quartz cementation had a δ18O value of about -12 ‰ V-SMOW.  Given this δ18O value, it is most likely that the water associated with quartz overgrowth cementation in the Heidelberg Formation was meteoric in origin (Gat, 1996; Morad et al., 2003), i.e., the formation water was originally rainwater that percolated into the marine sandstone, displacing the connate seawater.  The meteoric water presumably entered the permeable Heidelberg Formation during a sea level lowstand, at some time after deposition, possibly when the formation was part of an active aquifer.  The average δ18O of meteoric water in a basin varies as a function of latitude, climatic zone, and proximity to the sea.  For reference, present day rainfall in Germany varies between about -11 and -7 ‰ V-SMOW (Duarte et al., 2011; Stumpp et al., 2014), which sits near the range of formation water values associated with the quartz overgrowths in the Heidelberg Formation.  Note that German meteoric water δ18O values would have likely been higher during the warmer climates in the Paleocene-Eocene.  Similarly, German meteoric water δ18O values would have likely been lower during the interglacial periods in the Quaternary.  It is not possible to make any reliable inferences about the timing of water influx and quartz overgrowth diagenesis based on the interpreted δ18O values.
5.6 Possibility of a role for the influx of warm basinal waters
[bookmark: _Hlk55377708]Basin-scale fluid movement has long been linked with mineralization, but there is scant evidence that large-scale, homogeneous quartz overgrowth development in deeply buried sandstones is the result of such processes (Worden and Morad, 2000; Kelly et al., 2007).  Basin-scale simulations of hydrothermal flux have notably failed to simulate quartz cementation patterns (Giles et al., 2000) whereas more isochemical models of quartz diagenesis have been proven to be useful in reservoir quality prediction (Lander and Laubach, 2015; Worden et al., 2018).
In contrast to these mesogenetic models of quartz cementation, fluid convective processes have been proposed to be involved in the growth of silica cements in the shallow buried Heidelberg Formation; for example, Voigt et al. (2004) tentatively linked the migration of silica-rich fluids during hydrothermal activity.  There are localized lead-zinc deposits in the nearby Harz Mountains (Liebmann, 1992), suggesting that hydrothermal activity has occurred in the general area.  De Graaf et al. (2020) analyzed water stable isotopes from crushed and leached fluid inclusions from gangue minerals associated with mineralization in the Harz Mountains.  De Graaf et al. (2020) showed that vein-related fluorite mineralization in Upper Cretaceous sediments was associated with water with δ18O values between 2.5 and 6.5 ‰ V-SMOW and growth temperatures of about 175C.  There is no vein-related mineralization associated with the Teufelsmauer outcrop.  The Heidelberg Formation at the Teufelsmauer Formation has high intergranular volume (Fischer et al., 2013), confirming that the rocks have not been buried more deeply than about 1,000 m.  There is no evidence to support the Teufelsmauer outcrop being heated to 175C, there is evidence of high temperature mineralization and there is no evidence of any influx of water with δ18O values between 2.5 and 6.5 ‰ V-SMOW.  Fischer et al. (2013) suggested that silica-enriched formation water, possibly due to localized pressure solution along deformation bands, underwent localized fluid mixing with ascending water from a deeper, overpressured region, during Coniacian-Campanian thrusting of the Harz block at the basin margin, which led to the creation of the silica cements.
5.7 Water 18O and temperature conditions that led to the sequence of mixed amorphous silica plus chalcedony, microcrystalline quartz and quartz growth
Several studies have suggested that low temperature silica cements such as amorphous silica and chalcedony develop as a result of silica-saturated fluids undergoing cooling during fluid flow (e.g., Thiry and Ribet, 1999Khalaf et al., 2020;) with precipitation interpreted to be the result of decreasing silica solubility as a direct function of decreasing temperature (Kastner et al., 1977).  If this is the case for the Heidelberg Formation, then the amorphous silica-microcrystalline quartz cycles might be the result of flow of warm fluid undergoing a decrease in temperature. The maximum temperature of the Heidelberg Formation during the during Coniacian-Campanian was 42C, based on the burial history models (Figs. 7C and D), so the amorphous silica, chalcedony and microcrystalline cements could be the result of cooling from somewhat elevated temperatures to the ambient temperature of about 42C (Fig. 10B).
By reference to the intersection between the speculated temperatures of the influx of water, expelled during the Coniacian-Campanian thrusting of the Harz block, if the influx of water was only slightly warmer than ambient (45C), then the water that led to amorphous silica growth would have had a δ18O value of -3 ‰ V-SMOW (line i on Fig. 10B).  If the influx of water was significantly warmer than ambient (50C), then the water that led to amorphous silica growth would have had a δ18O value of -2 ‰ V-SMOW (line ii on Fig. 10B).  If the influx of water was a lot warmer than ambient (55C), then the water that led to amorphous silica growth would have had a δ18O value of -1 ‰ V-SMOW (line iii on Fig. 10B).  The water-δ18O-temperature fractionation curve for microcrystalline quartz sits between the quartz and amorphous silica fractionation curves leading to the inference that microcrystalline quartz grew at intermediate temperature in mixed formation waters (i.e. mixed between ambient and expelled water) (Fig. 10B).  Water isotope δ18O values of -3 to -1 ‰ V-SMOW are typical of diagenetically evolved waters in formations that have undergone significant water-rock interaction (Morad et al., 2003).  Such diagenetically evolved waters are found in deeper and more basin-central locations where the higher temperature has allowed more water-rock interaction to occur, simultaneously resulting in increasing water δ18O values.
The stable isotope data from the silica cements at the Teufelsmauer outcrop in the Heidelberg Formation seem to support the model for water movement, due to Coniacian-Campanian thrusting of the Harz block, proposed by Fischer et al. (2013).  The source of the dissolved silica is not clear but, the incoming warm water was probably already enriched in silica.The role of localized development of deformation bands in the creation of amorphous silica layers cannot easily be ascertained.
5.8 Comparison of Heidelberg Formation to other microcrystalline quartz-cemented, low temperature sandstone and agate
The concentric bands of silica cement in the Heidelberg Formation reported here bear notable petrographic similarities to the silcretes from the Fontainebleau Formation in France (Thiry and Marechal, 2001; Haddad et al., 2006; and French and Worden, 2013) and from the Cordillo Formation in Australia (Alexandre et al., 2004).  In the Fontainebleau Formation sandstone, silica precipitation occurred either (a) due to cooling of silica saturated groundwater (Thiry and Ribet (1999) or (b) at the interface between groundwater and downward percolating recharge water with the silica concentration high due to organo-silica complexing (Fein, 2000; Thiry and Marechal; 2001).  The elevated concentrations of both silica and aluminium required for the growth of the mixed amorphous silica plus chalcedony in the Heidelberg Formation may have resulted from the destabilization of organically complexed silica and aluminum.  The interpretation of the type of water (meteoric) and temperature of growth of silica cements in the Heidelberg Formation suggests that these cements too, are related to relatively cool to warm groundwater flow.
The silica polymorphs in agate are similar in type and sequence to those found in silcretes; agates also have a similar sequence of silica cements to the silica cements in the Heidelberg Formation (French et al., 2012; Worden et al., 2012; and French et al., 2013).  A notable difference exists between the macroscopic morphology and scale of cm-sized agates and the m-scale of the silica cements in the Heidelberg Formation.
6.  CONCLUSIONS
[bookmark: _Hlk55377996]This study reports a record of silica polymorph histories using in situ isotope analysis of quartz overgrowths, microcrystalline quartz and mixed amorphous silica plus chalcedony.  This study also outlines the combined study of silica cements using elemental wavelength dispersive spectrometry, spatially-resolved stable oxygen isotope analysis using NanoSIMS integrated with high resolution mineralogical and crystallographic analyses using SEM, EBSD, TEM and CL to reveal the following:
1. Quartz overgrowths are locally present in the quartz arenitic Upper Cretaceous Heidelberg Formation.  Mixed amorphous silica plus chalcedony, proceeded by amorphous silica, grew as a coating on all surfaces (detrital grains and the small amount of quartz overgrowths alike) followed by a layer of microcrystalline quartz.  This cycle of amorphous silica followed by mixed amorphous silica plus chalcedony and microcrystalline quartz was then repeated.
2. In the Heidelberg Formation, quartz overgrowths have an average δ18O of 18.8‰ V-SMOW.  Microcrystalline quartz has an average δ18O of 21.8‰ V-SMOW.  Mixed amorphous silica plus chalcedony has an average δ18O of 27.4‰ V-SMOW.
3. Wavelength dispersive spectrometry showed that the initial quartz overgrowths had less than 12 ppm aluminum (i.e., below the detection limit).  Given that Al concentration relates to temperature of growth, this proves that the Heidelberg Formation has not been hotter than 70C.
4. Burial history modeling suggests that the Heidelberg Formation was buried to about 700 m and then uplifted to become outcrop.  The maximum temperature achieved during this cycle was about 42C.  The reported low degree of compaction of the Heidelberg sandstones also testifies to shallow burial and heating.
5. If the quartz overgrowth developed at 42C, the burial history maximum temperature, then the δ18O of +18.8‰ V-SMOW from the initial quartz overgrowth equates to precipitation in water with a δ18O of about -12 ‰ V-SMOW.  It is thus most likely that the quartz overgrowths developed in meteoric water that had travelled a few hundred meters into the subsurface.
6. Based on the assumption that the precipitation of amorphous silica occurs during cooling, then the mixed amorphous silica plus chalcedony, with its average δ18O of 27.4‰ V-SMOW grew from water with less negative δ18O values than the ambient meteoric water that led to quartz overgrowth development.  Three scenarios have been modelled based on variable degrees of cooling.  If water cooled:
i. from 45 to 42C, then the water responsible for amorphous silica plus chalcedony had a δ18O of about -3 ‰ V-SMOW.
ii. from 50 to 42C, then the water responsible for amorphous silica plus chalcedony had a δ18O of about -2 ‰ V-SMOW.
iii. from 55 to 42C, then the water responsible for amorphous silica plus chalcedony had a δ18O of about -1 ‰ V-SMOW.
7. All of the modelled δ18O values of the water linked to amorphous silica plus chalcedony growth are typical of evolved basinal waters that have undergone considerable water-rock interaction.  The warmed δ18O-enriched waters support earlier models that suggested that water expelled from deeper parts of the basin during tectonic thrusting was responsible for amorphous silica plus chalcedony growth. Microcrystalline quartz growth followed amorphous silica plus chalcedony growth from intermediate waters that had cooled and mixed with the ambient and relatively pristine meteoric waters.
8. The cycle of amorphous silica plus chalcedony growth followed by microcrystalline quartz growth was repeated once suggesting the occurrence of two major thrusting events.
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FIGUREs AND CAPTIONS
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Figure 1 Geologic map of the Harz Mountains and Subhercynian Basin with the Heidelberg Formation, Teufelsmauer outcrop noted between Blankenburg and Quendlinburg, Germany (from French et al., 2012).
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Figure 2 Petrographic images of silica cements in the Heidelberg Formation: (a) Light optical image of the angular cemented quartz grains and the concentric bands parallel to the detrital grain/overgrowth edges (see arrows) with porosity in blue.  (b) Secondary electron image of the grains shown in Figure 2a. (c) Back-scattered electron microscope image of the grains shown in Figures 2a and b showing that there is only SiO2 in the various cements in addition to porosity (black).  (d) Red cathodoluminescence image which differentiates the quartz overgrowths (arrows) from the detrital grain (e) Euler map showing host grain orientation (green) and microcrystalline quartz (multiple colors) indicating that the crystallographic orientation of any of the microcrystalline quartz crystals adjacent to the host grain are crystallographically misoriented with respect to the host grain.  (f) EBSD Euler map showing that the quartz overgrowth and detrital grain (separated by the yellow dashed line), do not show any color variation indicating there is no difference in the crystallographic orientation of the detrital quartz grain and quartz overgrowth. EBSD orientation map of the four isopachous bands which highlights the chalcedony band (bands 1 and 3) upon which the microcrystalline quartz (bands 2 and 4) grows (from Worden et al., 2012 and French et al., 2012).
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Figure 3 (a) TEM image of the sample showing nanocrystals, the scale bar is 1,000 nm, (b) TEM sample showing crystallites that are in the 100 nm size range, the scale bar is 100 nm (c) TEM image of the chalcedony band revealing that it is composed of amorphous silica and nanocrystalline quartz. (d) Selected area diffraction pattern from amorphous silica with no diffraction spots indicating a non-crystalline or amorphous silica phase. (e) Selected area diffraction pattern from nanocrystalline quartz with characteristic diffraction spots indicating crystalline silica (from French et al., 2012).
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Figure 4 Cathodoluminescence (CL) index map of three NanoSIMS analysis scans of Heidelberg Formation sample. Oxygen isotope sampling locations shown as scan lines 1, 2, and 3.  Sputtering craters are shown by the blue boxes.
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Figure 5 a) SEM-CL image indexed in Figure 5 showing analysis locations in the detrital grains (▲), quartz overgrowths (●), microcrystalline quartz (□), and mixed amorphous silica plus chalcedony with some minor microcrystalline quartz (◊). 5b) Scan 2, 5c) Scan 3.  Directly beneath each SEM-CL image is the corresponding δ18O V-SMOW versus sample number or location referenced to a, b, and c plotted by silica polymorph. Note the crosshatch pattern visible in the CL images is due to electron beam damage and/or implanted charge from stage scanned maps.
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Figure 6. CL image showing analysis locations and Wavelength Dispersive Spectroscopy (WDS) analysis of trace elements in concentration (parts per million) along a profile (shown by a dashed line on the CL index map), from the detrital quartz grains to the quartz overgrowth through amorphous silica with chalcedony and microcrystalline quartz bands into the pore center showing the highest values of aluminum and iron (analysis #5 and #10) in the first-deposited amorphous silica with chalcedony, which then decrease towards low concentrations in the microcrystalline quartz. The solid symbols are measurements above the detection limit, the open symbols are below the detection limit of the WDS analysis by element (Table 3). The minimum detection limits for the various elements are: Fe, 216 ppm; Al, 12 ppm; Ca, 26 ppm; Ti, 38 ppm; K 22 ppm; Na, 24 ppm.
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Figure 7. Burial history curves for the Heidelberg Formation, showing the three basin model scenarios.  (A) Burial history model for the Heidelberg Formation. based on simple boundary conditions of a thermal model from the Permian to present day, clastics (sandstone + siltstone + shale), water depth of 0 meters and held constant through time, surface temperatures of 17oC and held constant through time, and basal heat flow of 50 mW/m2 and held constant through time.  This simple basin model taking the Heidelberg Formation. to maximum burial indicates that it was exposed to maximum temperatures between 36 and 42 degrees centigrade. (B) Thermal history of the Heidelberg Formation. for the assumptions made in creating burial model shown in 7A. (C) Burial history of a more realistic scenario for the Heidelberg Formation. including burial to approximately 700 meters followed by uplift and erosion to the present-day outcrop position. (D) Thermal history of the Heidelberg Formation. for the assumptions made in creating burial model shown in 7C. (E) Highly speculative burial history involving 3000m of deposition and erosion of Upper Cretaceous and Paleocene sediment required to take the Heidelberg Formation. to a maximum temperature of about 80°; note that there is no evidence for such extensive deposition and erosion as shown in 7C. (F) Thermal history of the Heidelberg Formation for the assumptions made in creating burial model shown in 6E.
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Figure 8. Model proposed for microcrystalline quartz growth. (A) SEI image showing each silica polymorph cement beginning with the first step (1) which is an amorphous silica layer, which grows on the surface of the overgrowth/detrital grain at very high silica supersaturations (Kastner et al., 1977). (B) This represents step (2) when a layer of Opal C/T develops on the surface of the amorphous silica as silica supersaturation begins to decrease (Kastner et al., 1977). (C) This represents step (3) develops a layer of chalcedony on the surface of Opal C/T as silica supersaturation decreases still further. (D) Finally, in step (4) a layer of microcrystalline quartz develops at the lowest states of silica supersaturation.  The sequence then repeats.
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Figure 9. Model for microcrystalline quartz growth. A larger scale image of the proposed model for microcrystalline quartz, showing the SEI image overlain by the EBSD data revealing which parts of the sample are crystalline (quartz) and which are non-crystalline at the scale of the electron beam’s resolution using EBSD (about 1 m).  The SEI data integrated with EBSD, CL, TEM, and stable isotope data, provide evidence for the various steps involved in microcrystalline quartz growth in the Heidelberg Formation.
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Figure 10. Calculated curves for variable temperature and water δ18O V-SMOW values in the range from -25‰ to 5‰, representing meteoric water (negative values) through to evolved basinal waters (more positive values) using the silica-water oxygen isotope fraction equation (Clayton et al., 1972). The δ18O values used are quartz overgrowths, 18.8 ‰, microcrystalline quartz, 21.8 ‰, amorphous silica plus chalcedony, 27.4 ‰. (A) By reference to Figures 7B, and the low degree of compaction of the sandstones (Fischer et al. 2013), the maximum temperature experienced by the Heidelberg Formation outcrops at Teufelsmauer was about 42C. Intersection of the maximum burial temperature and the quartz overgrowth δ18O curve reveals that the ambient formation water had a δ18O of about -12 ‰ V-SMOW, representing meteoric water. (B) To evolve from precipitating chalcedony, via microcrystalline quartz to ordinary quartz, the conditions of growth must have evolved from the chalcedony curve (blue solid line), via the microcrystalline quartz curve (green dashed line), towards the quartz curve (red dot-dashed line). Microcrystalline quartz in the Heidelberg Formation has been linked to water expelled from deeper in the formation during Coniacian to Campanian thrusting of the Harz block (Fischer et al., 2013; Fig. 1). Given that the sequence of chalcedony and amorphous silica, via microcrystalline quartz to quartz cement growth is globally associated with decreasing temperature, then the range of possible evolution patterns of water-δ18O and temperature are probably represented by arrows i, ii and iii. This range of options requires that the waters responsible for chalcedony and amorphous silica growth had less negative δ18O than the water that facilitated quartz overgrowth development, which is typical of more evolved formation waters from deeper within the warmer parts of basins. This possible evolution patterns of water-δ18O are consistent with water expelled from deeper in the formation during late Upper Cretaceous thrusting. 

TABLE CAPTIONS

Table 1. Reported oxygen isotope values of the Heidelberg Formation by scan number and sample number and the University of Wisconsin standard UWQ-1. Values are in V-SMOW.
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Table 2. Oxygen isotope values of scans 1, 2, and 3 in V-SMOW for detrital quartz, quartz overgrowths, microcrystalline quartz, and amorphous silica with chalcedony for the Heidelberg Formation and from the literature, and for comparison cristobalite and biogenic opal from the literature. Data from the literature are derived from: O’Neil and Hay, 1973; Knauth and Epstein, 1976; Murata et al., 1977; Blatt, 1987; Vagle et al., 1994; Harvig et al., 1995 Williams et al., 1997; Marchand et al., 2002; Abruzzese et al., 2005; Kelly et al., 2007; Harwood et al., 2009; Pollington et al., 2011; Harwood et al., 2013; Hyodo et al., 2014; Pollington et al., 2016; Oster et al., 2017; Cammack et al., 2018; Oye et al., 2018; Denny et al., 2019 and Oye et al., 2020.
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Table 3. Wavelength dispersive spectroscopy trace element data in parts per million from a traverse (Fig. 6) from the detrital quartz, through the quartz overgrowth, amorphous silica with chalcedony (band-1), microcrystalline quartz (band-2), second amorphous silica with chalcedony (band-3), and second microcrystalline quartz (band-4).  The detection limits are:  Fe = 216 ppm, Al = 12 ppm, Ca = 26 ppm, Ti = 38 ppm, Na = 24 ppm, Mg = 19 ppm.  
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Oxygen Isotope Values from this study versus literature in V-SMOW

V-SMOW Detrital Quartz  Microcrystalline quartzMicroquartz Cristobalite Biogenic

Quartz Overgrowth Quartz Chalcedony Opal

Heidelberg Fm. Average 9.4 19.3 21.8 27.4

Literature Average  12.2 20.0 23.8 28.3 29.4 37.4

Heidelberg Fm. Range 7.7 to 12.4 15.6 to 21.9 18.1 to 23.5 24.9 to 30.9

Literature Range 4.2 to 24.1 12.6 to 32.4 24.9 to 32.4 27.9 to 30.4
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Point Al (ppm) Fe (ppm)Ca (ppm) Ti (ppm) K (ppm) Na (ppm)Mg (ppm)

1 MQ (band-4) n.d. n.d. 92 n.d. 44 23 98

2 Chalcedony (band-3) 2546 703 221 66 28 54 20

3 Chalcedony (band-3) 1206 1137 530 311 90 84 52

4 Chalcedony (band-3) 2609 2387 909 72 226 207 45

5 Chalcedony (band-3) 3547 6243 1820 n.d. 373 210 81

6 MQ & Chalcedony 967 743 191 n.d. 71 32 n.d.

7 MQ (band-2) n.d. 261 119 n.d. n.d. n.d. n.d.

8 Chalcedony (band-1) 1754 2087 346 n.d. 80 36 n.d.

9 Chalcedony (band-1) 1696 1922 385 95 92 35 n.d.

10 Chalcedony (band-1) 4183 1666 639 207 162 133 n.d.

11 OG 154 n.d. 49 74 n.d. 29 n.d.

12 OG n.d. n.d. 31 n.d. n.d. n.d. n.d.

13 OG n.d. n.d. n.d. n.d. n.d. n.d. n.d.

14 OG 108 315 28 n.d. 126 n.d. n.d.

15 OG 38 n.d. n.d. n.d. n.d. n.d. n.d.

16 OG 33 n.d. n.d. n.d. n.d. n.d. n.d.

17 OG 29 n.d. n.d. 44 n.d. n.d. n.d.

18 OG 13 n.d. n.d. n.d. n.d. 22 n.d.

19 OG n.d. n.d. 42 n.d. n.d. n.d. n.d.

20 OG n.d. 134 n.d. n.d. n.d. n.d. n.d.

21 OG n.d. 470 n.d. 46 34 n.d. n.d.

22 OG n.d. n.d. 24 n.d. n.d. n.d. n.d.

23 OG n.d. n.d. n.d. 38 n.d. n.d. n.d.

24 OG n.d. n.d. 36 72 n.d. n.d. n.d.

25 DG n.d. n.d. n.d. 0 n.d. n.d. n.d.

26 DG n.d. n.d. n.d. 65 n.d. n.d. n.d.

27 DG n.d. n.d. n.d. n.d. n.d. n.d. n.d.

28 DG n.d. n.d. n.d. n.d. n.d. n.d. n.d.

29 DG n.d. n.d. 36 23 n.d. n.d. n.d.

30 DG n.d. n.d. n.d. 39 n.d. n.d. n.d.

31 DG n.d. n.d. 37 65 n.d. n.d. n.d.

32 DG n.d. n.d. 28 35 n.d. n.d. n.d.


