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Abstract

:

The tectonic setting of the southernmost part of the eastern margin of Laurentia during the Blountian tectophase (~472–452 Ma) of the Ordovician Taconic Orogeny remains unresolved. Tephras produced by explosive volcanism during this early phase of the orogeny are now K-bentonites, and in many locations, they are interbedded with mature to supermature quartz arenites. We conducted U-Pb analyses of detrital zircons from the sandstones, and of zoned magmatic zircons from the K-bentonites, to constrain the tectonostratigraphic setting with more precision. We also used geochemical fingerprinting of apatite phenocrysts to correlate the K-bentonites in these sandstones along the tectonic front, and we then integrated these results with a depositional systems study of the quartz arenites to further constrain and test competing models of the regional tectonomagmatic setting during that time. The general dearth of detrital zircons that have ages contemporaneous with the volcanic activity, coupled with the predominantly Precambrian ages of the zircons in these Lower Paleozoic quartz arenites that otherwise lack volcaniclastic components—such as detrital VRFs or a muddy matrix derived from an eroding volcanic arc—suggests that magmatic zircons from the tephra layers entered the depositional system only occasionally, and that the volcanic centers were separated geographically from where these quartzose sands were being deposited. Our findings support a tectonostratigraphic and tectonomagmatic model analogous to a combination of select modern settings in the western Pacific and Indonesia, specifically (1) New Guinea, where mature quartz arenites occur in the Cenozoic foreland succession, and (2) Sumatra, where the enormous Toba caldera formed in association with subduction beneath the Cretaceous-aged continental crust of Sumatra.
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1. Introduction and Background


Many details of the tectonostratigraphic evolution of the southern Appalachians during the initial part of the Taconic Orogeny (Ordovician, Sandbian to Katian), known generally as the Blount or Blountian phase of the orogeny [1], are still poorly understood. The tectonic setting and tectonic evolution of the northern and north-central parts of the Taconic orogeny have, by comparison, been largely resolved. To explain the Taconic Orogeny in that area (southern Pennsylvania and Maryland to Newfoundland), it is postulated that a volcanic island arc formed above a subduction zone along the eastern margin of the Laurentian continent. This volcanic island arc system then collided with the Laurentian margin (Figure 1) during the later Ordovician [2,3], causing the early stages of mountain building during the Taconic Orogeny (Figure 2A).



Whereas general consensus exists about the tectonostratigraphic evolution of the northern part of the Taconic Orogen during different phases of the orogeny [4,5,6,7,8,9,10,11], there is still much controversy about the particulars of a workable model that best fits the evidence accumulated from decades of study in the southern part (Figure 1).
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Figure 1. (A) Global paleogeography during the Late Ordovician and (B) regional paleogeography with Taconic highlands, associated foreland basin, and sample locations, modified from [12]. Sample locations include (1) Horseleg Mountain, GA (34.22755° N 85.24566° W); (2) Dodson Mountain, TN (36.34248° N 82.95024° W); (3) Crockett Cove, VA (36.99218° N 81.07780° W); (4) Gap Mountain, VA (37.25268° N 80.60900° W). Additional locations (A) Alexander Gap, AL (33.90011° N 85.91659° W); (B) Dirtseller Mountain, AL (34.26946° N 85.61204° W); and (C) Hanging Rock, WV (37.56355° N 80.41196° W) are from [13]. 
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Now, however, recent detailed stratigraphic field studies and petrological and geochemical investigations of the Deicke and Millbrig K-bentonite beds [14,15,16,17,18] in the southern Appalachians have presented compelling evidence that challenges the applicability of the northern Appalachian model to this region. The Deicke K-bentonite (454.5 ± 0.5 Ma) and the Millbrig K-bentonite (452.86 ± 0.29) [19,20] are the two thickest and most widespread of the many altered tephras that accumulated in the molasse sequence of the Blount foredeep adjacent to the tectonic highlands, and they are estimated to have been deposited over an area of at least 600,000 km2 [21]. These tephras (now altered to K-bentonites) and their enclosing strata are exposed in the Valley and Ridge province from Alabama to Virginia, an extensive area of regionally deformed successions of sedimentary strata that comprises the Appalachian fold and thrust belt.



The major explosive eruptions that generated these tephras are likely to have been ultra-Plinian in character. In terms of ash volume, these Paleozoic eruptions were larger than the historic Tambora (1815) and Toba (75 ka) eruptions, and if they were not the largest eruptions of the Phanerozoic, they were probably among the largest [14,17,22]. Enormous explosive eruptions like those in the Ordovician that generated these K-bentonites are typically sourced by rhyolitic to dacitic magmas, rather than by andesitic or basaltic magmas [18]. The trace element geochemistry indicates that there must have been a substantial amount of continental crust that was incorporated during magma generation and subsequent evolution of the source magmas [17]. This tectonomagmatic setting would require that the associated magmatic processes be spatially and genetically linked to continental crust being partially assimilated at that time [23].



By contrast, other studies in the region have been focused on geologic relations in crystalline rock sequences now exposed in the Blue Ridge and Piedmont provinces of Alabama, Georgia, and the Carolinas [24,25,26]. Those studies proposed an alternate model centered on a back-arc basin system, similar to the Sea of Japan today, whereby the region that comprised the south end of the Taconic Orogen was part of a retroarc basin rather than a foreland basin. In particular, this alternative model hypothesizes that the Blount foredeep developed next to a back-arc basin that developed during deformation associated with tectonic activity along a subduction zone (Figure 2). Because this alternate model requires that a switch in polarity also occurred, i.e., from east-dipping subduction in the north to west-dipping subduction in the south, its proponents also hypothesize that a transform boundary existed between the northern and southern parts of the Taconic Orogen [24,25,26].



[image: Minerals 13 00807 g002 550] 





Figure 2. Two of the several models, with lithospheric-scale cross sections, previously proposed for the tectonic setting that produced the explosive volcanism that produced the parent tephras of the Deicke and the Millbrig K-bentonite beds. (A) Model of Tull and colleagues [24,26,27,28]. This model compares to the modern tectonic setting of the Sea of Japan and suggests that the volcanic activity was linked to a continental back-arc setting along the continental margin of Laurentia. (B) Model of Shanmugam and Lash [29], Brookfield and Brett [30], Knight et al. [31], and Mussman and Read [32]. In this model of the Laurentian/arc–continent collision, the outer edge of the passive margin of Laurentia begins to subduct toward the south, and then contractional deformation and thickening of bulldozed passive-margin strata with associated underthrusting of Laurentian continental basement lead to the emergence of an accretionary wedge that forms a subaerial high. This pre-collision accretionary complex sources detritus that is transported toward the volcanic arc, as well as toward the craton, with weathering and erosion in a humid climate and transport and storage of the sediment in floodplains and coastal plains leading to formation of mature quartz arenites that enter the foredeep and interfinger with the muddier molasse sediments at various times. 
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Here, we report the results of U-Pb geochronology measured on detrital zircon grains extracted from Upper Ordovician pebbly quartz arenites in Alabama, Georgia, Tennessee, West Virginia, and Virginia. These are sandstones with which the Deicke and Millbrig K-bentonites are closely associated stratigraphically, and these K-bentonites and pebbly arenites are themselves part of a thicker and more extensive sequence of red molasse mudrocks (Figure 3). We show how these new data, in tandem with field observations and petrographic analysis of thin sections, help to identify and constrain the provenance of these sands with greater precision. In turn, we show how these data are improving our understanding of the Blount foreland basin as it evolved over time throughout what is today a multi-state area of the southern Appalachians.




2. Materials and Methods


2.1. Sampling


Because the Deicke and Millbrig K-bentonites are altered airfall tephras, they have widely recognized value as isochrons, or equivalent time horizons, and they are therefore important marker beds in all high-resolution lithostratigraphic correlations between exposures of Sandbian and Katian strata in the Valley and Ridge. Because we have long suspected that the Millbrig K-bentonite bed is present in more of the studied sections of the molasse sequence red beds than the Deicke K-bentonite, accurate recognition and identification of the Millbrig is especially important; regardless, the Deicke and Millbrig K-bentonites are the only isochrons as yet known that can be used to support high-resolution correlation of the several sections along the outcrop belt in the southern Appalachians from Virginia south to Alabama [14,15,33,34].



Ordovician quartz arenites were collected from seven localities in the Blount foredeep sequence along a NE–SW transect in the southern Appalachians (Figure 1 and Figure 3). The Alexander Gap, Dirtseller Mountain, Horseleg Mountain, Dodson Mountain, Crockett Cove, and Hanging Rock samples were disaggregated using a selfrag machine, and the Gap Mountain samples were broken and crushed at JMU. Samples were placed in a 5% HCl bath and then put through a 38-micron testing sieve, followed by density separation using lithium metatungstate at a density of ~2.8 g/cm3. Zircons were picked from the heavy mineral separates using a bifocal microscope and then mounted in a cold-setting resin and subsequently polished to expose the zircon grains. Grain size and sampling biases are of great concern for detrital zircon record interpretations [35]. Analyzing two different sandstone samples from the Horseleg Mountain location yielded no major differences in age distribution (see Table 2 in [13]). No grain size analyses were performed. U-Pb ages are available in Supplementary Material Table S1.




2.2. Apatite Phenocryst “Fingerprinting” Using Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)


Geochemistry of apatite phenocrysts from Ordovician K-bentonites is a valuable tephrochronology tool [12,36,37]). Because the Deicke and Millbrig K-bentonites occur within mature quartz arenites at several of the exposures, we sampled those two K-bentonite beds at several locations as well, so as to confirm that a specific K-bentonite bed is in fact accurately identified using the unique geochemistry of apatites from individual eruptive events. These samples were immersed in deionized water and allowed to disaggregate, and then they were sieved and separated into coarse and fine grain fractions using a combination of 841 µm, 125 µm, and 63 µm sieves. The sediments collected in the 125 µm sieve were dried overnight at 50 °C, and these dried samples were further separated into higher-density and lower-density portions using sodium polytungstate, again at a density of ~2.8 g/cm3. After gravity separation, apatite phenocrysts were hand-picked using a binocular microscope and a fine-bristled paint brush and then mounted on a glass plate using double-sided tape and cast in epoxy in preparation for geochemical analysis.



Details on analytical conditions for the geochemical analysis of apatite phenocrysts from the K-bentonite beds are shown in Table 1. Isotopes of elements analyzed included 24Mg (dw = 0.03), 43Ca (dw = 0.01), 55Mn (dw = 0.01), 57Fe (dw = 0.01), 89Y (dw = 0.01), 232Th (dw = 0.01), 238U (dw = 0.01), and the lanthanide series (REE; dw = 0.01). Element concentrations were normalized against NIST-612 glass (8.5 wt.% Ca). Laser energy could not be measured sue to a lack of an energy meter and precise crater size measurements but is estimated to be in the range of commonly used energy fluence according to the manufacturer. Pre-ablation laser delay was 10 s and washout times were 30 s in all experiments. There are no internationally accepted apatite standards for LA-ICP-MS, so a combination of three in-house apatite standards (Durango, Blue Brazil, and Smithsonian NMNH 104021) was used to monitor instrument precision. Supplementary Material Table S2 includes statistical data for these standards. Igor Pro with Iolite software was used for data reduction [38], with 43Ca used as the internal element standard with a stochiometric Ca content for apatite.




2.3. U-Pb Geochronology Using Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)


U-Pb geochronology was performed using a CETAC Technologies LSX-213 G2 laser ablation system connected to a Thermo Scientific iCAP Q-ICP-MS in the Department of Geology and Geophysics at LSU. Helium gas was used for transporting ablated aerosol from the ablation chamber, with argon being added just prior to the ICP-MS torch as an additional carrier gas. The following isotopes were measured: 91Zr (dw = 0.01), 202Hg, 204Pb/Hg (dw = 0.01), 206Pb (dw = 0.01), 207Pb (dw = 0.01), 208Pb (dw = 0.01), 232Th (dw = 0.01), and 238U (dw = 0.01). 235U was not measured, and 207Pb/235U ages were calculated using a ratio of 137.8180. Laser energy could not be measured sue to a lack of an energy meter and precise crater size measurements but is estimated to be in the range of commonly used energy fluence according to the manufacturer. Pre-ablation laser delay was 10 s and washout times were 30 s in all experiments.



The runs were calibrated using the 91500 zircon standard (1063.51 ± 0.39 Ma; [39,40]) as the external calibration standard. Temora2 (416.78 ± 0.33 Ma; [41]) and Plesovice (337.15 Ma; [40,42]) were used as secondary standards to evaluate the accuracy and precision of the analyses; all standards were ablated before, during, and after all runs to monitor analytical precision and possible instrument drift and to calibrate ages. Temora2 had a precision and accuracy of 413.04 ± 1.66 Ma (n = 104) for the duration of the study, while Plesovice had a precision and accuracy of 337.44 ± 2.07 Ma (n = 32). Magmatic zircon data were reduced with the Wavemetrics Igor Pro software (v. 6.37) and Iolite (v. 2.5) as an add-in [38]. After data reduction, all U-Pb ages were plotted as kernel density estimation (KDE) plots. Detrital zircons’ raw data were reduced using the VizualAge module [43] within Iolite 4 [44]. All ages reported herein are less than 20% discordant. Zircon age data for the Alexander Gap, Dirtseller Mountain, and Hanging Rock locations were taken from [13], and analytical details for those analyses can be obtained from there.





3. Results


3.1. K-Bentonite Apatite Geochemistry


Analyses of the apatite phenocryst data comparing Fe vs. Mn vs. Mg concentrations, and Mg vs. La/Tb vs. Ce/Tb concentrations, reveal two dominant clusters of Millbrig apatites, with the first cluster centered around 600 ppm Fe, 900 ppm Mn, and 250 ppm Mg and the second cluster centered around 800 ppm Fe, 755 ppm Mn, and 405 ppm Mg, and a single cluster of Deicke apatites centered around 700 ppm Fe, 450 ppm Mn, and 750 ppm Mg (Figure 4).




3.2. U-Pb Geochemistry, and Fabric of Zircons with Magmatic Rims of Taconic Age


Many of the detrital zircon grains have older—and commonly rounded—zircon cores encased by visibly zoned magmatic rims (Figure 5). These different domains have distinct age differences, with the inherited cores having ages as old as 1.2 Ga, whereas the ages of the zoned rims are less than 700 Ma, with several that are as young as the widely accepted radiometric ages of the Deicke and Millbrig K-bentonites (Figure 5).




3.3. U-Pb Geochemistry of Detrital Zircons


The majority of the detrital zircons in the quartz arenites, with the exception of the sample from Dirtseller Mountain, have 207Pb/235U ages of 900–1200 Ma (Figure 6). Because the Colvin Mountain Sandstone directly overlies the Millbrig K-bentonite at the Dirtseller Mountain exposure (Figure 3 and Figure 6), the presence of several detrital zircon grains in the sandstone from there that are younger than the Millbrig is to be expected, given this stratigraphic relationship.





4. Discussion


4.1. Apatite Geochemistry-Based High-Resolution Correlation of K-Bentonites


Mg and Mn concentrations in apatite phenocrysts have proven to be two of the best discriminator elements for identifying and “fingerprinting” Ordovician K-bentonites for correlation purposes [36,45]. Although there is some scatter, the clustering of our data obtained from analyses of apatite phenocrysts confirm that the Deicke and Millbrig K-bentonite beds are each present in—and thus stratigraphically associated with—some or all of these mature quartz arenites in the molasse red bed sequence. Specifically, our geochemical “fingerprinting” confirms the presence of the Deicke and Millbrig K-bentonites at Dodson Mountain and the presence of the Millbrig K-bentonite at Dirtseller Mountain and Alexander Gap, which were suggested by prior work based on different mineralogic criteria [14,33,34]. The heavy mineral separates from the Deicke K-bentonite at Alexander Gap and at Horseleg Mountain, identified previously on the basis of its ilmenite phenocrysts [14,33], did not contain apatite, and thus that sample could not be geochemically fingerprinted. Although we did not collect any K-bentonite samples at Crockett Cove or Gap Mountain for this study, we have previously identified the Millbrig in both sections on the basis of mineralogic and stratigraphic evidence [14,15,34].




4.2. Tectonostratigraphic Constraints Based on the Texture and U-Pb Geochronology of Magmatic Zircons with Taconic Ages


In several young volcanic arc settings, old inherited cores in magmatic zircons are known to occur [46,47,48,49]. That is a finding which shows that the presence of old, Grenville-aged inherited cores in the detrital zircons of the Ordovician quartz arenites can help to constrain the tectonic and depositional settings of those sandstones, because where the melting occurred within the subduction zone, a source of preexisting zircon grains must unambiguously have been present in the country rock being assimilated and melted. These zircons could have originated from within the overriding plate, but that is not a necessary requirement because Aitchison et al. [50] showed that zircon and rutile can be transferred from the subducting slab to the overlying wedge. Thus, the transfer of material in such settings is not limited to fluids, but in fact, these minerals can then be incorporated into ascending magmas as xenocrystic mineral grains in a subduction zone. In addition to the zircons from the Deicke K-bentonite that have inherited cores, zircon cores from detrital zircons also have significant internal age differences; some rims of magmatic and detrital zircons are Taconic in age (450 ± 15 Ma and 466 ± 16 Ma; 2σ), whereas the inherited cores have ages that align them with zircons derived from the Grenville/Keweenawan (1061 ± 39 Ma; 2σ) and Yavapai–Mazatzal (1663 ± 30 Ma; 2σ) provinces.



Inherited cores in zircons from the Deicke K-bentonite were noted by Samson et al. [51], who suggested that the Deicke and other K-bentonites, instead of being derived from mantle-sourced primitive melts as expected in a young island arc setting, were influenced instead by melting of evolved continental crust. In their model, a volcanic arc had formed atop the Proterozoic continental crust that was itself also above colliding and underthrusting subducting continental crust.



More recently, Herrmann et al. [37] showed that the geochemistry of magmatic apatite and zircon phenocrysts from the Deicke K-bentonite—and of melt inclusions in those phenocrysts—is consistent with an arc–trench subduction system where subduction of older sedimentary rocks resulted in their subsequently being incorporated into the melt during or prior to collision. Specifically, these authors showed that the trace-metal geochemistry of these Taconic-age rims on these zircons (e.g., Sc, Y, Nb concentrations) is indicative of a melt that was associated with continental crustal melt with a high level of differentiation, rather than a melt that was mantle-derived or strongly mantle-influenced. Our textural and U-Pb geochronological data obtained from analyses of detrital and magmatic zircons with Taconic ages from the quartz arenites support this model.




4.3. Sedimentology of Ordovician Arenites, and Their Stratigraphic Relationships with the K-Bentonites


In the red beds of the molasse sequence that occur from west-central Virginia to central Alabama [14,22,23], the Ordovician Deicke and Millbrig K-bentonites occur in close stratigraphic association with several quartz arenites (Figure 3). Standard collisional tectonic models show molasse sediments consisting of fine to coarse continental clastic sedimentary rocks being derived from eroding tectonic highlands and then deposited in an adjacent foreland basin during later stages of orogenic activity [52], when waning tectonism is accompanied by a decline in explosive volcanism like that which was responsible for the tephras that are now the K-bentonites. The molasse sediments that accumulated as the Blountian tectophase was ending include red mudrocks (Figure 3) of the Moccasin, Bays, and Greensport formations [53], as well as the distinctive sandy to pebbly quartz arenites [15,33,54,55,56].



These sandstones and conglomerates have a variety of ichnofossils (Figure 7) including Skolithos sp. burrows, some of which exceed 60 cm in length, as well as dense horizontal burrows that likely are some combination of Planolites sp., Scoyenia sp., Arenicolites sp., and Trypanites sp. Common sedimentary structures (Figure 8) include trough and tabular cross-bedding, low-angle cross-bedding, tidal bundles, scour-and-fill structures, normal and reverse grading, and planar lamination. Other structures including oscillation ripples, adhesion ripples, and slightly overturned and oversteepened ripple cross-laminations range from being far less common to only a single known occurrence. Collectively, these ichnofossils and sedimentary structures point to deposition in environments that included wave-dominated tidal flats/tidal channels, beaches and dunes, nearshore bars, and fluvial- to tidal-dominated deltas and associated lagoons and estuaries [15,33,34,54,55,56,57,58,59,60,61,62,63,64].



These sands and pebbly gravels were sourced from one or more terranes in the Taconic highlands where older passive margin sedimentary rocks, low-rank metamorphic quartzites and hydrothermally altered sequences, higher-rank regionally metamorphosed phyllites and schists, and some plutonic igneous or very-high-rank metamorphic gneisses collectively were exposed. Weathering and erosion of these source rocks ultimately produced the distinctive framework grains of sedimentary and metamorphic rock fragments (SRFs, MRFs) seen in thin sections. Observed MRFs include amphibolite, tourmaline schist (Figure 9A), unstretched, stretched, and sutured polycrystalline quartz (Figure 9D–F), and vein quartz with inclusions of vermicular chlorite and specular hematite (Figure 9C). SRFs include siltstone, oolitic/peloidal/bioclastic limestone (Figure 9B,H), and shell fragments (Figure 9K), as well as abundant chert of many types including structureless black, gray, and white chert, silicified oolitic grainstone, silicified peloidal grainstone, hematitic chert (jasper), and banded agate from silicified paleosols including chalcedony with cubic zoning that is pseudomorphic after halite casts. In some samples, a minor plagioclase component in the framework grain population (Figure 9F) points to a contribution from igneous rocks—likely plutonic—given that a few quartzo-feldspathic rock fragments (QFRFs) are present (Figure 9D), but there is a complete lack of volcanic rock fragments (VRFs) [15,33,54,55,65].



During the time that these sediments were transported toward their final depositional site in the Taconic foredeep, they likely spent appreciable lengths of time in intermittent storage in floodplain alluvium, where extensive weathering destroyed many of the more labile grains, such as feldspars, and left even the more durable grains highly altered (Figure 9D). Eventually, the sands and gravels were transported to coastal areas by wind and by rivers that flowed across the now uplifted and exposed older ramp and basin margin carbonate sediments [54,55,56]. These in turn contributed more sediment, including detrital zircon grains (Figure 9J). Much—perhaps most—of the sand and gravel accumulated in proximal to distal shelf environments of the now nearly filled Taconic foredeep (Figure 9K,L), but some of the gravels entered deeper waters along the edge of the shelf where they became the submarine fan deposits of the Fincastle Conglomerate, which is located at the northeasternmost margin of the Blount foredeep [54,55,56]. The red muds and clean quartzose sands did not reach this northernmost edge of the basin as molasse deposits, because the sediment that was transported down the feeder channels of the Fincastle submarine fan system consisted of sands and gravels with lesser non-red mud [66], and to the northeast (present-day) of the Fincastle area, the Taconic foredeep did not fill during the Blountian phase, but instead remained relatively deep in the region of modern West Virginia, Maryland, Pennsylvania, and New York, where much of the Blount-age sequence consists of deep water carbonates, e.g., the Salona Limestone [22,36]. Migrating sand waves produced occasional cross-bedding (Figure 8B–D,H), and episodic reworking by eolian processes produced the distinctive bimodal mature textures [67,68] seen in several samples of the Walker Mountain Sandstone (Figure 9I). Further reworking in nearshore marine to beach environments is indicated by the low-angle swash cross-bedding with normal and reverse grading of coarse sands and gravels (Figure 8) and by the thin beds of shell fragments seen in several samples (Figure 9K) [54,55]. Compositional maturity was enhanced by sorting and washing of the sand by longshore and tidal currents and associated wave action as the sands and gravels were spread across the beveled and disconformable surface (Figure 8G,H,J) that had developed on the youngest units of the older carbonate ramp and basin margin sequence [54,55,56].



Our prior study of Ordovician mudstone compositions in northern Virginia showed that MgO and total FeO content increases upsection in tandem with an increase in the volume of chlorite, and we interpreted this chemical trend as evidence that, later in the Ordovician, muds derived from weathering and erosion of a volcanic arc had begun to enter the Taconic basin in that area, which is far beyond the northeastern edge of the Blount foredeep [69]. To date, however, we have found no petrographic evidence that the sand or gravel fractions—vs. the mud fraction—coming into the nearly filled Blount foredeep at this time included detritus derived from an eroding volcanic arc. This conclusion is supported by petrographic comparison [70] of the Sandbian Walker Mountain Sandstone of the Blount molasse with a younger coarse pebbly sandstone in the region, the Katian Oswego Sandstone, which is the oldest unit of the younger Queenston molasse and is associated with the main Taconic tectophase. A QFL plot (Figure 10) of some of the coarsest Walker Mountain Sandstone samples and some of the very coarse to conglomeratic Oswego Sandstone samples shows some overlap in the Recycled Orogenic field, and it is evident that the Oswego Sandstone is a less mature sediment overall, yet it is one that nevertheless contains no evidence of eroded arc material in the sand and gravel fraction. So although mud being eroded from the arc was evidently carried in suspension into the foredeep around or across the accretionary wedge [69], the coarser fractions were being trapped on the arc side of the accretionary prism and thus were kept from entering the foredeep as part of either the Blount molasse or the younger Queenston molasse. Mack [65], finding no VRFs in the framework grain population of sands in the Blount molasse, likewise concluded that the sediment now in the Blount molasse was not derived from a disintegrating volcanic arc. It is noteworthy that in the modern Taiwan arc–continent collision, very little of the sediment being eroded from the island is sourced from the Luzon volcanic arc [71].



The best constraint on the timing of precisely when these quartz-rich sands and gravels began to accumulate in the Blount foredeep is their stratigraphic position relative to the Deicke and the Millbrig K-bentonites, because as noted above, those beds are altered tephras and thus are isochronous event beds whose relationship to the coarse sands and gravels allows for unequivocal relative dating of when the several pulses of quartzose siliciclastic sands and gravels entered the basin [15,33]. The “middle” sandstone member of the Bays Formation in northeastern Tennessee was deposited first (Figure 3), well prior to the eruption of the Deicke tephra [14,15,34,54,55,56]. The Walker Mountain Sandstone in Virginia and West Virginia was then subsequently deposited nearly coevally with the Deicke K-bentonite [14,15] but well prior to the Millbrig, and finally, the Colvin Mountain Sandstone in Georgia and Alabama was deposited coevally with both the Deicke and the Millbrig [14,15,34]. The three unnamed pebbly sandstones and conglomerates in the Bays Formation near Dalton, Georgia, were deposited after the eruption of the Millbrig tephra [14,34,54,55,56], but more precise radiometric ages of each of those coarse sands and gravels have not yet been obtained.



We hypothesize that these along-strike variations in the timing of deposition of the mature quartzose sands and gravels relative to the isochronous tephra layers that are now the Deicke and Millbrig K-bentonite beds result from, and can be explained by, a combination of processes driven both by tectonic and climatic events. Deposition of coarser sediments occurring “out of sync” with episodic uplift of tectonic highlands, specifically with deposition lagging uplift, has been documented in the peri-Himalayan region [72,73,74], as well as during the early stages of the existence of the Blount foredeep in east Tennessee [72,75]. In this scenario, tectonically driven uplift, i.e., folding and thrusting associated with deformation and shortening, was followed by a pulse (or pulses) of coarse molasse sediment moving into and then out across the nearly filled foredeep.
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Figure 10. Ternary Q/F/L diagram of point-counted thin sections of some of the coarsest Walker Mountain Sandstone samples (from the Trigg, Goodwins Ferry, Gap Mountain, and Mountain Lake Turnoff sections of Haynes [14,34]) with very coarse to conglomeratic Oswego Sandstone samples (from the Brocks Gap, Harshberger Gap, Shenandoah, and Duck Run sections of Diecchio [76]). The Oswego was deposited as part of the younger Queenston molasse during the main Taconian tectophase (inset, right), and it is predominantly a lithic arenite, whereas the Walker Mountain is primarily a quartz arenite to sublithic arenite. The petrographic similarities in lithic fragment compositions, indicated in part by the overlap in the Recycled Orogenic field, suggest that both sandstones likely shared a similar provenance in part (e.g., both sandstones contain vein quartz with vermicular chlorite inclusions), but that the Walker Mountain sands were more extensively washed and winnowed such that they became quartz arenites, quite possibly first-cycle arenites, with most samples plotting in the Craton Interior field. Neither sandstone shows evidence of any component in the sand fraction that was derived from weathering and erosion of a volcanic arc. Ternary diagram modified from Haynes et al. [70]; inset modified from Ettensohn [77]. 
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However, even with active tectonic uplift, the coarse sediments would need a means of presumably fluvial-dominated transport to be moved downslope and into the sediment sink that the Blount foredeep was still serving as, even though it was no longer receiving turbidity currents (as flysch) but was instead a broad area receiving terrestrial muds and the occasional coarse sands and gravels (as molasse). A plausible mechanism that can account for the increased flux of coarser clastics into the nearly filled Blount foredeep regardless of whether—or how much—uplift was occurring in the fold–thrust belt of the Taconic highlands as a result of deformation and shortening is a change to a wetter climate such as has been proposed and debated as a key process in sedimentation patterns of the Himalayan foreland basin and associated sediment sinks including the Indus and Ganges submarine fans [73,74,78,79,80].



The onset of the modern south Asian monsoonal pattern in the middle Miocene is considered by the above authors to be a driving factor in changes in the Himalayan sedimentary systems. Similarly, we hypothesize that climate change in the Ordovician, specifically the cooling that began prior to the eruption of the Deicke K-bentonite original tephra [81,82], might have been responsible for the mature quartzose sands and gravels that comprise the thin but distinct siliciclastic deposits within the Blount molasse. The cooling around the time of the Deicke likely led to a wetter climate that was presumably accompanied by increased precipitation, and that increase would have facilitated greater and more frequent movement of coarser clastics toward the Blount foredeep. Even though warming periods [83] episodically punctuated the trend toward a cooling climate at this time, the overall cooler and wetter climate would almost certainly have led to increased rates of erosion via mass wasting and fluvial transport. We suggest that the combination of tectonic and climatic changes at that time is a plausible scenario for the development of the mature to supermature quartz arenites and associated coarser and texturally less mature gravels in the otherwise muddy red bed sequence that characterizes the Blount molasse throughout its extent.



Our detailed stratigraphic work not only demonstrates that delivery of the mature siliciclastic sands and gravels into the Blount foredeep occurred diachronously (oldest in northeast Tennessee, then next oldest in Virginia, and finally youngest in Alabama and Georgia) but also confirms that the Blountian tectophase was a succession of several depositional events rather than one or two events. The earlier pulses of immature to submature coarse sands and gravels that predate the oldest red beds of the molasse and moved into the foredeep as submarine fan lobes and associated turbidity currents (e.g., the conglomerates at Cisco, Georgia, and South Holston Dam, Tennessee [33,56,84]) are populated almost exclusively with clasts of reworked Cambro-Ordovician carbonate rocks rather than with clasts of reworked siliciclastics that would and could have produced the quartz arenites associated with the K-bentonites. Those conglomerates are relatively rare, with by far most of the older strata in the Blount foredeep being turbidites associated with flysch deposition [84,85,86,87]. Likewise, younger strata which preserve evidence for a return to shelf carbonate conditions as the regionally widespread “Trenton” transgression occurred subsequent to cessation of molasse deposition are at many sections just a few meters upsection from the quartz arenites and the K-bentonites [54,55,56,88,89,90].




4.4. Model for the Formation of Quartz Arenites in the Blount Molasse


4.4.1. Mature Quartz Arenites in Modern Foreland Basins and Implications for Sandstones of the Blount Molasse


The presence of mature to supermature quartz arenites in a foreland basin molasse sequence of otherwise submature to immature finer sands and muds is of interest in constraining temporal and spatial changes in provenance and paleodrainage systems during deposition of the molasse. Plausible Cenozoic analogs for the Ordovician arenites are two mature quartz arenites in the Himalayan foreland basin, the Paleocene to Eocene Bhainskati Formation (Nepal) and the Tura Formation (Bangladesh) [91]. Like the Ordovician arenites that are the focus of our study, orogen-derived detrital zircons have been recovered from those Cenozoic sandstones, and the “puzzling quartzose composition” (as Garzanti [91], p. 16, aptly describes them) of those peri-Himalayan sandstones in an otherwise lithic- and mud-rich sequence of foreland basin deposits is indeed puzzling not only for the Cenozoic arenites but by extension for the Ordovician ones being discussed herein as well. The presence of quartz-rich sands in the Himalayan foredeep has been interpreted [91] as evidence of extensive recycling of older sandstones in tandem with appreciable chemical weathering in humid settings at subequatorial latitudes. The Himalayan foreland comprises a succession of proximal gravels and sands derived from erosion of the rising Himalayan massif that interfinger with finer-grained siliciclastics deposited in the more medial and distal settings of the foreland basin, although coarsening upward in foreland sections largely reflects the motion of the foreland towards the mountain front. Precision dating has shown that the coarse siliciclastic sediments were deposited out of sync with the episodic uplift of the Himalayas [72,73,74]. This sequence—tectonism in the orogen being followed by a pulse of coarse sediment into the foredeep—has been recognized at other locations as well [72,92], including the Blount foredeep of Tennessee during a time earlier in its existence, before molasse sedimentation began, when it was deepening and receiving sediment via turbidity currents [75]. We suggest that the out-of-sync model of sedimentation developed for other foreland basins, including the Himalayan foredeep, is a viable one for explaining the differences in timing of delivery of the compositionally mature to supermature sands (parts of the Walker Mountain Sandstone of Virginia, and nearly all of the “middle” sandstone of Tennessee and the Colvin Mountain Sandstone of Georgia and Alabama), as well as the closely associated texturally submature to mature coarse sands and gravels (much of the Walker Mountain Sandstone, and the pebbly sandstones near Dalton, Georgia), into the Blount foredeep during the time that the molasse phase of sedimentation was occurring. Fluvial transport of these sands and gravels likewise may have been enhanced by a changing climate, from a warmer and drier mid-Ordovician climate to a cooler and wetter later Ordovician climate.



Yet another Cenozoic sandstone that we consider highly relevant to this problem and which provides additional insight into how mature quartz sands can be intercalated with less mature muds and sands in a foreland basin is the Oligocene Sirga Formation in the Puncak Jaya region of New Guinea. The Sirga Formation, an extremely mature quartz arenite (>95% quartz) that is 10–100 m thick and is compositionally distinct in an otherwise muddy to calcarenaceous sequence of glauconitic foraminiferal sands and argillaceous packstones, is interpreted as a basal transgressive sand [93], and it overlies a widespread unconformity, a stratigraphic relationship interpreted as evidence of a major but local tectonic event [93,94]. The mature to supermature quartz sands of the Sirga Formation are a very good Cenozoic analog for the mature Ordovician quartz arenites in the Blount molasse, especially the Walker Mountain Sandstone that likewise overlies a regionally significant unconformity in Virginia [14,15,33,54,55], and for the thicker sandstones such as the “middle” sandstone member of the Bays Formation in Tennessee and the Colvin Mountain Sandstone in Alabama and Georgia as well, both of which are sandwiched by red mudrocks and more lithic and finer grained sandstones and siltstones.



We attribute the diachroneity in the age of the Blount quartz arenites from Alabama to Virginia to geographic changes in fluvial networks draining the Taconic highlands, such that over time pulses of gravel and coarse sand were delivered episodically to the coastal region by a depositional complex of braided streams and fan deltas with associated tidal, beach, and fluvial facies, including some with significant eolian influence. Diachroneity might also reflect a climatic gradient that imposes different rates of chemical weathering on different parts of the mountains. We conclude that the depositional system at this time, with its out-of-sync pulses of tectonism and pulses of sediment transport, was governed primarily by tectonic activity rather than eustatic changes, and that a shift to a wetter climate likely contributed to the delivery of gravel and coarse sand to the foredeep as well. Even though there may be an as-yet unrecognized eustatic signal in this Paleozoic stratigraphic interval, it was probably masked or even obliterated in this region by depositional events that were driven by tectonic events in the Taconic highlands, in much the same way that Cenozoic deposition of siliciclastic sediment adjacent to the Himalayan and the New Guinea highlands has been dominated by episodic influx of sands and gravels, including the mature quartz arenites of the Bhainskati Formation (Nepal), the Tura Formation (Bangladesh), and the Sirga Formation (New Guinea) [91,93,94].



For quartz arenites to form, especially first-cycle quartz arenites, a certain combination of environmental factors is needed, because compositionally and texturally mature sand cannot be produced in one cycle under normal conditions associated with weathering, transportation, and deposition [95]. Suttner, Basu, and Mack [96] in fact concluded that most quartz arenites in the rock record are of multicycle origin because there is a low probability that such conditions would occur in the past with any regularity. Reworking of older proximal foreland sediments following erosional unloading of the orogenic load has been invoked as the trigger for the deposition of compositionally mature sediments in the distal foreland of the Rockies [97]. A humid climate is considered to be a requirement that must be met if first-cycle quartz arenites are to form [98,99], because of the importance of chemical weathering over physical weathering at all stages, beginning at the source and extending throughout the duration of grain transport and probably deposition as well so as to ensure adequate time for the complete destruction of less resistant grains via decomposition and disintegration [100].




4.4.2. Climate Conditions Required for Generation of Mature Quartz Arenites in the Ordovician of the Southern Appalachians


Various studies have linked the later Ordovician transition to the end-Ordovician Hirnantian glaciation with an increase in chemical weathering [101,102]). Recent paleotemperature estimates based on conodont apatite suggest that warming had already occurred across the interval of time when the explosive volcanism responsible for the Deicke and Millbrig K-bentonites occurred [82,83,103,104]. Furthermore, Nd isotopic studies of conodont apatite support the interpretation that this was a time characterized by increased rates of weathering [105], and Swanson-Hysell and Macdonald [106] suggest that by 465 Ma, the Appalachian margin of Laurentia was in a warm, humid, tropical setting (between 0° and 10° S latitude at that time), consistent with climate modeling results [107,108,109]. Thus, our hypothesis that sediments eroded from the Taconic highlands could be weathered relatively rapidly into mature quartz arenites is bolstered by these constraints on climate, even if the quartzose sands and gravels described herein are all first-cycle arenites. U-Pb geochronology of detrital zircons from mature Cambro-Ordovician quartz sandstones of northern Gondwana [98] indicates that those Lower Paleozoic units are first-cycle arenites [110,111], whereas South America’s Orinoco River drainage basin, which at 8° N of the Equator exists in a tropical humid climate, is a modern analog for how and where first-cycle quartz arenites develop [112]. Therefore, we conclude that the quartz arenites of the Ordovician molasse in the southern Appalachians were very likely generated under similar conditions, i.e., intense chemical weathering of terrigenous sediments in the tropical environments along the Laurentian margin in the Late Ordovician, with intermittent and alternating periods of transport and storage as alluvium in, along, across, and ultimately through fluvial flood plains and low-elevation coastal plains similar to those in the Orinoco basin today.





4.5. Evaluation of Tectonostratigraphic “Retroarc Basin” Model


Mapping and analysis of metasediments in the Wedowee–Emuckfaw–Dahlonega (WED) Basin of the Blue Ridge and Piedmont provinces in the southern Appalachians have led to the development of an alternate hypothesis for the tectonic setting of Laurentia’s southeastern margin during the later Ordovician. This alternate “Sea of Japan” model proposes that an Ordovician back-arc basin developed along the Laurentian margin, with the development of the Blount foreland basin in particular being attributed to the inversion of Neoproterozoic rift-related faults; furthermore, the Blount basin at that time (i.e., ~465 Ma) is hypothesized to have been in a retroarc position, on the Laurentian side of the WED Basin [24,25,26,113,114].



This alternate model requires that a switch in subduction polarity along the Laurentian margin occurred, from an east-dipping system farther north to a west-dipping system in this area, and the model also does not recognize an accretionary prism in the southern Appalachians at this time. In fact, those authors invoked the hypothesized switch of polarity to account for the apparent absence of an accretionary wedge, whereas the older (east-dipping) model includes an accretionary prism [32]. Furthermore, in this alternate retroarc model, the K-bentonites in the Ordovician sedimentary sequences found in today’s Valley and Ridge are hypothesized to have been sourced from eruptions associated with extensionally-thinned Laurentian continental crust (Figure 2D), a scenario that is suggested as a means of accounting for the requirement that a source of felsic magma be present to source the immense explosive eruptions that produced the tephras that are now the Deicke and Millbrig K-bentonites.



However, because silica content correlates positively with crustal thickness, and rhyolitic calderas appear only on crust that is >25 km thick (Hughes and Mahood [115]), the hypothesis that the volcanoes which sourced the tephras that are now the Deicke and Millbrig K-bentonites (as well as the many other K-bentonites in the Ordovician of this region [14]) were developed on extensionally thinned Laurentian crust poses a problem for the retroarc model, because it is incompatible with the requirement that the most voluminous and regionally widespread K-bentonites were necessarily sourced from huge caldera-forming eruptions, the only eruptions known to be of sufficient magnitude to account for erupted tephras that have the extent and composition of the Deicke and Millbrig K-bentonites [14,15,16,17,18].



Furthermore, the retroarc model does not account for the thin but widespread quartz arenites of the Blount molasse that are the focus herein. There is a near total lack of Paleozoic zircons within the Taconic clastic wedge [116,117], and the detrital zircons we have analyzed imply that the older recycled zircons derive from a source terrain that was unroofed during the Taconic orogeny. The likeliest source is in fact the older foreland sedimentary sequences that were upturned and deformed along the active Laurentian margin in the tectonic highlands, with some of the zircons having weathered out of those older sediments and then being transported subsequently with the sands that became the Blount molasse quartz arenites. Previous researchers speculated that the lack of older Paleozoic sediments in the Taconic foredeep could be attributed to sequestering behind an accretionary prism (Figure 2B) that developed and evolved in the later Ordovician [3]. This is consistent with modern foreland basins because many of them are separated from their associated magmatic arc(s) by a forearc basin and forearc ridge system that is typically composed of an accretionary prism [118,119]. Until erosion opens one or more transport pathways across and through this accretionary mass, little if any arc-derived sediments will accumulate in the foredeep [69].



The WED Basin retroarc basin model lacks such an accretionary wedge that would have been facing the continental margin. The tectonic constraints of the retroarc basin model would have the accretionary prism situated on the outer margin of the retroarc complex, and thus the accretionary wedge would likely have scraped off trench sediments and perhaps a minor component of pelagic sediments from the seafloor, e.g., radiolarian cherts and associated oozes and red clay deep-sea oceanic sediments of the Iapetus Ocean, rather than Precambrian to Early Ordovician continental margin sediments that are the most probable source(s) of the observed detrital zircon age spectra.



The presence of Ordovician-age rims in detrital zircons from the Colvin Mountain Sandstone in Georgia and Alabama and the confirmation (based on apatite phenocryst geochemistry) that the Deicke and Millbrig K-bentonites are unequivocally present in the Colvin Mountain Sandstone are critical findings. They confirm that the quartzose sands at those exposures were being deposited after one or both of those two K-bentonite beds had been erupted, and they also suggest that the mature quartz sands must have been deposited downwind some distance from the eruptive centers, assuming that some of the detrital zircons, i.e., those without inherited cores, were in fact deposited as phenocrysts in airfall tephra that then co-mingled with the quartzose sands.



Finally, the presence of older, rounded inherited cores in some of the zircons that have a Taconic age component in their rims is most readily explained by subduction of older sedimentary sequences that included detrital zircons derived from weathering and erosion of older rock of Grenville/Keweenawan, Granite–Rhyolite age, etc., with the rounding of those zircons that are now seen as inherited cores having taken place during one or more prior erosional cycles [37]. As subduction of these older strata occurred during the Taconic Orogeny, some of the older zircons would likely have been assimilated intact into the rising magma, a process that has been documented in modern subduction settings [48,49]. Such a process is not supported in the retroarc model; therefore, we conclude that a key subordinate part of that model, which is that the Blount foredeep developed as a retroarc basin along the southern margin of Laurentia as part of a larger back-arc system, is likewise untenable.




4.6. Evaluation of “The Australian Margin Tectonic Model” as a Potential Analog


The island of New Guinea is the leading edge of the Australian plate along its active convergent northeastern margin. This northern edge of the Australian plate and its various arcs and microcontinents and terranes makes a good analog for the Taconic highland massif of the later Ordovician. Collision with an island arc in the early Tertiary produced mélanges and obducted ophiolites between the Australian continent and the accreted arc in New Guinea. Accretion of the arc caused a subduction polarity reversal, forming the current-day southwest-dipping subduction zone north of New Guinea [93,118,120,121,122,123,124]. This island arc–continent collision is an excellent model for the Ordovician Taconic orogeny, as it is widely agreed that the likely cause of the Taconic orogeny was an island arc colliding with the Laurentian margin. The northern edge of the Australian plate has been deformed by this ongoing collision into the fold-and-thrust belt of the New Guinea highlands, with an associated foreland basin developed on downwarped Australian continental crust that is cratonward of the active margin, i.e., the area now flooded by the eastern Arafura Sea, the Torres Strait, the Gulf of Carpenteria, and the Gulf of Papua. The similarity between this region and the Appalachians has been noted previously, in that New Guinea and the central and southern Appalachians occupy approximately the same size area, both have similar tectonic belts, and both have a comparable geochronological pattern [125].



A sedimentary link between continental Australia and nearby areas including New Guinea and the Banda Arc has also been documented. A provenance study of detrital zircons in sandstones demonstrated that certain quartzose sandstones from the Bird’s Head region of New Guinea were derived from the Australian craton [126]. The strata along the Mapenduma anticline in the New Guinea highlands block include reworked Precambrian Australian craton sediments [94,121,122,123,124,125,126,127], and Precambrian zircons also occur in Permian metasedimentary rocks from the Kubor and Bena Bena blocks of the Central Highlands, the Late Miocene Porgera intrusive complex in the New Guinea fold belt, and Plio-Pleistocene sediments of the Trobriand Basin of the Woodlark Rift [128,129]. Cretaceous sandstones in the Banda Arc likewise were derived in part from the Bird’s Head and cratonic Australia [130]. In addition, the foreland basin adjacent to the New Guinea highlands also includes clastic sediments that were derived primarily from older shelf strata uplifted in the mountains [118].




4.7. Evaluation of the “The Sumatra/Toba Tectonic Model” as a Potential Analog


Smith et al. [131] and Chesner [132] reported petrologic details of the 75 ka Toba Tuffs of Sumatra, one of which is the presence of abundant ferroan-rich phenocrystic biotite. Of particular note is that the major element abundances in the Older and Middle Toba Tuffs are notable for being similar in composition to the abundances of the same major elements in the abundant biotite that is characteristic of the lower tuffaceous zone of the Millbrig K-bentonite in our study region [14,133,134]. This compositional similarity led us to hypothesize that the Ordovician K-bentonites are almost certainly the product of immense explosive, caldera-forming volcanic eruptions [134], and because such eruptions are invariably associated with continental crust [135,136], e.g., the Toba volcanic system, which developed above Permian to Cretaceous granites of the Sumatran basement [118], a continental crust basement is considered to be an unassailable requirement for the Ordovician magmatic arc as well.



The tectonic setting of modern Sumatra is not a simple analog for the Ordovician foreland basin of Laurentia’s eastern margin, but with a little imagination, we can visualize that if the island of Sumatra—with the Toba caldera—were juxtaposed with the island of New Guinea, a better overall paleogeographic arrangement would then exist. With this hypothetical juxtaposition of Sumatra, we would have (1) the modern Australian craton as the analog to the Ordovician Laurentian craton; (2) New Guinea combined with Sumatra and the Toba caldera as the analog to the Ordovician Taconic highlands and associated volcanic centers from which the major Ordovician tephras were erupted; (3) deformation and erosion of older sedimentary sequences along the southern margin of New Guinea as the source of the muds, sands, and gravels that are analogous to the Ordovician molasse sediments, and which all lack appreciable sediment derived from the volcanic arc; and (4) the Timor Sea, Arafura Sea, and Gulf of Carpentaria as the analog to the Taconic foreland basin, with both foredeeps developed on downwarped continental crust. Thus, we hypothesize that during the later Ordovician, a Toba-style eruption (in terms of magnitude and composition) was responsible for producing the biotite-rich tephra that is now the Millbrig K-bentonite. This would also require that, prior to eruption, the magma had interacted with continental crust in order to generate the ferroan-rich biotite found in the Millbrig, biotite that is remarkably close in composition to the abundant ferroan-rich phenocrystic biotite of the Older and Middle Toba Tuffs, generated from magma that interacted with the granitic basement of Sumatra.





5. Conclusions


BSE images and U-Pb geochronology of several detrital zircons from Ordovician sandstones in the southern Appalachians show that some of the zircons have old cores and Taconic-aged rims. We attribute this difference in ages to magmatic activity along the Taconic convergent margin, and specifically to a subduction zone in which incomplete melting of continental crust allowed for the incorporation of Grenville-aged zircons into the ascending melt. This incorporation of continental sediments was a key component for the generation of felsic melts, a process that was crucial to the development of massive, caldera-forming explosive volcanic eruptions that generated the tephras now preserved as the voluminous and widespread Deicke and Millbrig K-bentonites, because explosive eruptions of that magnitude are sourced by felsic magmas with a relatively high silica content. In the northern Appalachians, high silica magmatism during collision has likewise been noted [137]. The northern Australian margin and the Toba caldera on Sumatra, or some combination thereof, collectively provide modern analogs that are suitable models for the Laurentian margin during the later Ordovician. These would be suitable for explaining the required felsic magma source capable of generating caldera-forming eruptions. The Sirga Formation of New Guinea [93] is a suitable proxy for the mature pebbly quartz arenites of the Colvin Mountain Sandstone, Walker Mountain Sandstone, and other similar units in the otherwise muddy molasse red bed sequence of the Bays, Moccasin, and Greensport formations from Virginia to Alabama [14].



These Ordovician quartz arenites and their detrital zircons clearly have a multicycle sediment component. Similar to what is seen today around the Timor and Arafura seas and the Gulf of Carpenteria, older sedimentary sequences would have been uplifted in the Taconic highlands and then deformed, weathered, and ultimately eroded, with the zircons therein eventually being deposited within the molasse sequence during the later stages of filling of the Blount foreland basin. Petrographic evidence supports an interpretation that there was an appreciable first-cycle quartz arenite component for some of these Ordovician sands and gravels. The maturity of the Ordovician quartz arenites likely resulted from the intensification of chemical weathering acting on the recycled sediments coming off an exposed forearc ridge and/or an accretionary prism that was part of the Taconic highlands massif. This increased rate of chemical weathering would have resulted in the destruction of nearly all feldspars and other less durable lithic fragments. As the sands and gravels were being transported to the foredeep by rivers, it is likely that the process was interrupted episodically by long intervals of storage in the flood plains that were part of a larger coastal plain environment, similar to how first-cycle quartz arenites have formed in the Orinoco River drainage basin of South America [99].



Based on stratigraphic relationships with two isochrons, the altered layers of airfall tephra that are now confirmed as the Deicke and Millbrig K-bentonite beds on the basis of their apatite phenocryst geochemistry, we reaffirm that these coarse but compositionally mature sands and gravels sands entered the basin first in the area of east Tennessee (the “middle” sandstone member of the Bays Formation), then in western and southwestern Virginia (the Walker Mountain Sandstone), and then finally in Georgia and Alabama (the Colvin Mountain Sandstone). Both the “middle” sandstone and the Walker Mountain Sandstone are older than the Deicke K-bentonite, and then subsequently sands of similar composition were delivered to the foredeep as the Colvin Mountain Sandstone, which either immediately overlies the Deicke K-bentonite, or immediately overlies the Millbrig K-bentonite, or completely encloses both the Deicke and Millbrig K-bentonite beds. The final pulse may be represented by the very coarse sands and gravels in north Georgia that occur about 2–3 m above the Millbrig K-bentonite, but precise radiometric ages of detrital zircons from that conglomerate have not yet been obtained. The U-Pb ages acquired from detrital zircons in these sandstones point to most of those zircons being sourced from the Laurentian craton, with ~96.5% of all ages being older than the later Ordovician.
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Figure 3. (A) Correlation of pebbly arenites and the associated Deicke and Millbrig K-bentonites along strike from Alabama to Virginia; thicknesses in meters. Numbers and letters of outcrops correspond with location identifiers in Figure 1B. Adapted and modified from Herrmann and Haynes [33]. (B) Outcrops of Ordovician quartz arenites, pebbly sandstones, red mudrocks, and associated K-bentonites in the Late Ordovician Blount molasse from Alabama to Virginia, with changes in the associated stratigraphic nomenclature shown. (C) A continuous exposure of the red beds of the Greensport Formation and the overlying quartz arenites of the Colvin Mountain Sandstone (photograph by JT Haynes, March 1986); D—Deicke K-bentonite, M—Millbrig K-bentonite. Alexander Gap, Alabama, bedding top to right. 
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Figure 4. Geochemical fingerprinting of apatite phenocrysts in suspected Deicke and Millbrig K-bentonite samples where they are associated with the Ordovician quartz arenites. For comparison, analyses of apatite phenocrysts in the Deicke and Millbrig K-bentonites from Dickeyville, Wisconsin (Upper Mississippi Valley), are also plotted. Uncertainties for measurements are ±10%. 
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Figure 5. (A,B) Backscattered electron (BSE) and (C) cathodoluminescence (CL) images from select magmatic zircon grains from the Deicke K-bentonite at Alexander Gap, AL. (D) U-Pb results from magmatic rims and cores from zircons at Alexander Gap. 
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Figure 6. KDE plots and radial plots showing U-Pb ages for detrital zircons. Also shown are representative pictures of outcrops or hand samples of sandstones, and at Alexander Gap, Dirtseller Mountain, Horseleg Mountain, and Dodson Mountain, of associated K-bentonite beds as well [14,34]. Letters and numbers are the same as those in Figure 1 and Figure 3. 
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Figure 7. Ichnofossils in the quartz arenites and red beds of the Blount molasse (A) Trypanites? burrows in red beds of the Bays Formation near Dalton, Georgia. (B) Skolithos burrows exceeding 60 cm in length in the “middle” sandstone member. Bays Mountain Park, Tennessee. (C) Abundant Planolites? burrows in the “middle” sandstone. Bays Mountain Park, Tennessee. (D) Trypanites? and Scoyenia? burrows (upper arrows) outlined by red iron oxide in the “middle” sandstone with a Skolithos burrow (lower arrow) at the base of the bed. Bays Mountain Park, Tennessee. 
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Figure 8. Sedimentary structures in the quartz arenites and associated strata of the Blount molasse. (A) Oversteepened and overturned crests (arrow) outlined by ripple laminae in a cross-bed set in the Colvin Mountain Sandstone. Alexander Gap, Alabama. (B) Planar cross-bedding in the “middle” sandstone. Bays Mountain Park, Tennessee. (C) Planar and trough cross-bedding, and tidal bundles, in the “middle” sandstone. Bays Mountain Park, Tennessee. (D) Trough cross-bedding in the Walker Mountain Sandstone. Ellett, Virginia. (E) Convex up laminations (arrows) interpreted as adhesion ripples, which form by wind blowing dry sand across a wet or damp substrate; “middle” sandstone. Bays Mountain Park, Tennessee. (F) Discontinuous lenses of sub-angular to sub-rounded quartz and chert granules and pebbles (arrows) with some indistinct normal and reverse grading in the Walker Mountain Sandstone. Ellett, Virginia (G) Disconformity between red calcareous mudrocks of the Moccasin Formation (lower left) and the overlying Walker Mountain Sandstone with its indistinctly cross-bedded coarse sand and granules and pebbles of rounded quartz (arrows). Goodwins Ferry, Virginia. (H) Disconformity between the dark gray mudrocks of the Liberty Hall Formation (bottom, to hammer) and the overlying Walker Mountain Sandstone with tabular to indistinctly tangential cross-bedding (yellow lines) in the sandstone. Peters Creek, Virginia. (I) Cyclicity in the “middle” sandstone and associated red beds of the Bays Formation; lowest bed (1) is a quartz arenite with tangential cross-bedding that is overlain by a quartz arenite with extensive Skolithos burrows (2), which grades upward into a red mudrock—possibly a paleosol—that includes some Trypanites? burrows (3) and has a sharp contact with an overlying thick quartz arenite bed that also has extensive Skolithos burrows (4). Bays Mountain Park, Tennessee. (J) Disconformable contact (base of hammer) that is part of an ~3 m wide and 2 m deep scour-and-fill structure with discrete channel boundaries between black lime mudstones of the Liberty Hall Limestone and the Bays Formation, with the lower 1–2 m of the Bays consisting of an intraclast (“flat-pebble”) conglomerate comprising locally reworked rounded clasts of the Liberty Hall in a matrix of argillaceous micrite; the Walker Mountain Sandstone is ~1 m upsection, the Deicke K-bentonite is ~2 m upsection, and the Millbrig K-bentonite is ~5 m upsection. Millers Cove, Virginia. 
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Figure 9. Photomicrographs of Ordovician quartz arenites in the Blount molasse; MRF—metamorphic rock fragment, SRF—sedimentary rock fragment, QFRF—quartzo-feldspathic rock fragment, PPL—plane-polarized light, XPL—cross-polarized light. Variable scale in each. (A) Sub-rounded tourmaline schist MRF and surrounding monocrystalline quartz all cemented by non-ferroan calcite. Walker Mountain Sandstone, Newport, Virginia; unstained thin section, XPL. (B) Sub-angular peloidal grainstone SRF with trace quartz silt grains and surrounding monocrystalline quartz all cemented by non-ferroan calcite. Walker Mountain Sandstone, Goodwins Ferry, Virginia; unstained thin section, XPL. (C) Abundant vermicular chlorite inclusions in a sub-rounded vein quartz MRF cemented by non-ferroan calcite. Walker Mountain Sandstone, Trigg, Virginia; stained thin section, PPL. (D) Elongate granule of unstretched polycrystalline quartz grain (grain boundary delineated by arrows) that is internally fractured and has been extensively weathered and pitted but does not have sutured internal crystal boundaries or truly polygonal boundaries; this is probably a plutonic QFRF or possibly a low-rank quartzite MRF that was altered by weathering along its route during extensive residence in alluvial deposits prior to re-mobilization and further travel. Note the smaller unaltered monocrystalline quartz grains surrounding the larger highly altered grain, all cemented by non-ferroan calcite. Walker Mountain Sandstone, Newport, Virginia, unstained thin section, XPL. (E) Sub-rounded grain of stretched polycrystalline quartz showing preferential alignment of the constituent crystals, and sutured and diffuse internal boundaries between composite crystals. This grain, from a high-rank metamorphic terrane, and the surrounding monocrystalline and polycrystalline quartz grains are cemented by non-ferroan calcite. Walker Mountain Sandstone, Newport, Virginia, unstained thin section, XPL. (F) Silt- to very-fine-sand-sized plagioclase framework grains (arrows) in the fine fraction of a bimodal sandstone, all cemented by non-ferroan calcite. Note the monocrystalline and two polycrystalline quartz grains, with the larger one at left displaying marked elongation and some suturing of its internal crystal boundaries, indicative of its metamorphic origin. Walker Mountain Sandstone, Goodwins Ferry, Virginia, stained thin section, XPL. (G) Monocrystalline quartz grains cemented by syntaxial quartz overgrowths which show enhanced visibility because of the “dust rims” (arrows) that mark the contact of the overgrowths with the rounded detrital grain cores. Walker Mountain Sandstone (type section), Keywood Branch, Virginia, unstained thin section, XPL. (H) Sub-angular fossiliferous wackestone SRF at right with small euhedral authigenic quartz crystals (green arrows) that attest to the prior burial and diagenesis of the older limestone from which this SRF was derived. Note the rounded detrital zircon (yellow arrow) and the surrounding quartz grains of various shapes and origins, all cemented by non-ferroan calcite. Walker Mountain Sandstone, Connor Valley, Virginia, unstained thin section, XPL. (I) Prominent bimodal texture of larger and more rounded quartz grains surrounded by smaller and more angular silt to very-fine-sand-sized quartz grains, cemented by non-ferroan calcite and some argillaceous matrix; bimodality is common in many of the quartz arenites of this age, and that texture is interpreted as evidence of eolian reworking of the sand, probably not long before the sediment was moved to its final site of deposition. Colvin Mountain Sandstone, Dirtseller Mountain, Alabama, stained thin section, PPL. (J) Rounded monocrystalline quartz grains and a well-rounded detrital zircon (arrow) cemented by zebraic chalcedony. Colvin Mountain Sandstone, Horseleg Mountain, Georgia, stained thin section, XPL. (K) Shell fragments (arrows) with prominent simple prismatic internal structure enclosed by rounded quartz grains including a stretched polycrystalline quartz granule at lower left, all cemented by non-ferroan calcite. The shells are bivalve (or possibly brachiopod) fragments interpreted as having accumulated in a strand line or as part of storm washover deposits in a nearshore marine to beach environment. Walker Mountain Sandstone, Newport, Virginia, unstained thin section, XPL. (L) Calcarenaceous quartz arenite comprising sub-angular fine- to very-fine-grained quartz sand and silt (80%–85% of framework grains), and peloids (15%–20% of framework grains), all cemented by non-ferroan calcite. This sample is at the northwestern limit of where the quartz arenite facies can be recognized in the Upper Ordovician of southern Appalachians, and its finer grain size and intermingled carbonate framework grains point to deposition in a carbonate shelf setting punctuated by siliciclastic deposition only by this thin bed of sandstone. Walker Mountain Sandstone, McGraw Gap, Virginia, stained thin section, PPL. 
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Table 1. Laser ablation parameters used.






Table 1. Laser ablation parameters used.





	

	
Zircons

	
Apatites






	
Spot Size

	
25 µm

	
10 µm

	
25 µm

	
50 µm




	
Laser Energy

	
10%

	
50%

	
30%

	
30%




	
Frequency

	
20 Hz

	
20 Hz

	
10 Hz

	
10 Hz




	
Shutter Delay

	
10 s

	
10 s

	
10 s

	
10 s




	
Burst Count

	
700

	
700

	
800

	
600




	
He Gas Flow

	
~600 mL/min

	
~600 mL/min

	
~700 mL/min

	
~650 mL/min
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