Late Quaternary stratigraphy, luminescence chronology and environmental change for the Monahans dune field, Winkler County, west Texas, USA
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Abstract
Quaternary Dune fields on the Southern High Plains, such as the Monahans in far western Texas are archives of environmental and climate variability for the Quaternary.  Stratigraphic analyses of seven Geoprobe cores from the Monahans dune field with sixty-one OSL ages reveal a ca. 550 ka old eolian sedimentary record with seven prominent carbonate and argillic buried soils and an adjacent play playa lake deposit. OSL ages were determined by two different protocols, OSL-SAR and TT-OSL, on the same quartz extracts which yielded congruent ages between ca. 50 and 240 ka, though the oldest ages by TT-OSL of 500 to 550 ka may be minimum estimates. The OSL ages in context with sedimentology, pedology, particle size analyses, and with finite mixture modeling of the age distrubtion distribution identify at least six eolian depositional periods at ca. 510 ± 35, 280 ± 20, 62 ± 5, 46 ± 3, 24 ± 1, and 16 ±1 ka. The aeolian sand shows the greatest thickness (3-6 m) for periods 550-480 ka, 67 to 30 ka, and with the Holocene sands usually 4 to 1 m thick.  These thickest preserved aeolian deposits are associated with transitional periods during stadials when the Laurentide ice sheet was not at its maximum extent with suppressed meriodionalmeridional transport of moisture from the Gulf of Mexico.  Two distinct wet periods occurred with the formation of pluvial lakes during interglacial MIS 7, ca. 235 to 195 ka, just west of the Monahans dune field and in MIS 2, 25 to 16 ka, in the adjacent catchment to the west. The oldest pluvial deposits recognized in an adjacent quarry and correlated by OSL ages to well-developed composite carbonate-rich paleosols in the Monahans dune field aeolian stratigraphy.  The MIS 2 pluvial event at ca. 25 to 16 ka is associated with modest (< 2 m thick) aeolian deposition that hosted extensive pedogenesis with the formation of carbonate and argillic horizons. This study shows that there were numerous climatic conditions during glacials and interglacials in the late Quaternary conducive for hydraulic excess and landscape stability, with drier conditions occurring during stadials, with the advance and the retreat of the Laurentide ice sheet in the past ca. 500 ka. 	Comment by Marin, Liliana: it is not clear what you want to express here. Is it that you used two different methods? or also that you use them both in some samples to find that they were congruent. If it is the second, it is not clear.	Comment by Marin, Liliana: Previously you reported the following interval: ca. 50 and 240 ka	Comment by Marin, Liliana: The thickness from the Holocene seems to overlap with the older thickness in the Monahans	Comment by Marin, Liliana: Unnecessary repetition

1.0 1.0 Introduction
1.1 Previous work in the area
Quaternary dune fields abound on the Southern High Plains (SHP), in the USA, with the most southern and driest areas showing contemporary aeolian activity (Carlisle and Marrs, 1982; Holliday and Rawling, 2006) (Fig. 1a).  These extensive aeolian deposits are associated with fluvial systems, like the Pecos River, reflecting environmental and climate variability in the late Pleistocene and Holocene (e.g., Forman et al., 1995, 2001; Muhs et al., 2003; Halfen and Johnson, 2013; McKean et al., 2015). A common Pleistocene deposit on the SHP, infilling valleys, and banking dune fields against the local escarpments, is the Blackwater Draw Formation (BWD). These Pleistocene sediments are composed of fluvial, aeolian, and playa-like sediments, which are interbedded with as many as six carbonate-rich paleosols (Holliday, 1989, 1995; Rich and Stokes, 2011; Baird, 2015; Stine et al., 2020). Sedimentological and geochemical analyses indicate that the source of aeolian BWD sediments was most likely the Triassic Chinle Formation, re-transported by the ancestral Pecos River and other fluvial systems and subsequently blown from a riverbed, floodplain, and/or terraces surfaces (e.g., Holliday, 1989; Gustavson, 1996; Muhs and Holliday, 2001). The BWD is exposed commonly at the surface and is a source for Holocene aeolian sands (Holliday, 1989; Muhs and Holliday, 2001; Rich, 2013). The Holocene sands, BWD sediments, and intercalated buried soils reflect changes in available moisture during Pleistocene glacial and interglacial conditions in this arid environment (e.g., Holliday, 1989, 1995; Muhs and Holliday, 2001; Rich and Stokes, 2011; Stine et al. 2020).  
The BWD may span most if not all the Pleistocene based on associated fission-track and 40Ar/39Ar ages on ash, paleomagnetic polarity inferences, radiocarbon ages on in-situ organic matter and luminescence ages on aeolian quartz grains (Holliday, 1989, 1995; Holliday et al., 2008; Rich and Stokes, 2011; Rich, 2013; Stine et al., 2020). The Guaje Ash, within the lower section of the BWD, yielded 40Ar/39Ar ages of 1.61 Ma with an inferred age for the Formation base of ca. 2.0 Ma (Izett et al., 1972; Holliday, 1989, 1991, 1995; Izett and Obradovich, 1994; Gustavson, 1996; Stine et al., 2020). The identification of the Brunhes-Matuyama geomagnetic polarity reversal event (0.781 Ma) and the Lava Creek B ash (0.631 Ma) within the BWD provides a further temporal framework for late Pleistocene aeolian deposition (Izett et al., 1972; Patterson et al., 1988; Holliday, 1989; Izett and Obradovich, 1994; Matthews et al., 2015; Suganuma et al., 2015; Stine et al., 2020). 
The advent of luminescence dating of quartz grains has provided greater chronologic definition for the upper BWD and overlying Holocene sands. A landmark study by Rich and Stokes (2011) used optical dating of quartz in various dune fields in west Texas, including Muleshoe, Lea-Yoakum, Mescalero, and Monahans dunes to show the episodic, Late Pleistocene to Holocene depositional history of the upper BWD, with the oldest age of 204 ± 22 ka on quartz grains from the Monahans dune field. Recently, infrared stimulated luminescence dating of a feldspar separate from upper part of the BWD, near the type section in Lubbock County, TX, yielded older depositional ages of 294 ± 32 ka and 347 ± 40 (Hall and Goble, 2020). Related studies of the Mescalero sand sheet in adjacent New Mexico have revealed a period of aeolian deposition spanning ~90 to 70 ka, burying a well-developed Mescalero soil, with stage 3 to 4 soil carbonate morphologies (Hall and Goble, 2006, 2015; Hall et al., 2010).  There is widespread evidence from OSL dating of quartz grains and radiocarbon dating of included organic matter for episodic Holocene aeolian activity in eastern Mexico and adjoining areas; the latest aeolian deposits are post the 18th century associated anthropogenic activity (Haynes, 1975, 1995; Hofman et al., 1990; Holliday, 1994, 2000; Holliday and Meltzer, 1996; Hall and Goble, 2006; Rich and Stokes, 2001, 2011). 	Comment by Marin, Liliana: Are these shown in Fig. 1? If so, it is a good time to announce this figure here too	Comment by Marin, Liliana: Is this TTOSL or SAROSL, should you clarify given the age reported?	Comment by Marin, Liliana: This might be a min age if it is only blue OSL	Comment by Marin, Liliana: Are these ages also minimums? Can these method be precise at this age?
 
The chronologic resolution for the BWD between ca. 50 ka and 0.7 Ma is limited by the scant number of ages in a well-documented stratigraphic context. Thus, it is difficult to assess the associated changes in geochemistry, pedogenesis and eolian deposition with late Pleistocene climate variability (Currey and Wilkens, 1997; Stocks and Rich, 2011; Rich, 2013: Stine et al., 2020).  This study evaluates the comparative suitability of two optically stimulated luminescence methods, thermal-transfer (TT-OSL) and single aliquot regeneration (OSL-SAR) of quartz grains from sediment cores of the BWD in and adjacent to the Monahans dune field in west Texas. The consistency of TT-OSL dating of quartz grains was evaluated against corresponding OSL-SAR ages between ~50 and 250 ka, permissive because of the relatively low environmental dose rate (Dr, < 1 mGy/y). The developed TT-OSL protocols were also used to date the oldest and deepest sediments, yielding apparent ages between 500 and 550 ka. This enhanced chronology with sedimentologic interpretations provide insights into the factors that drive late Pleistocene aeolian deposition in the Monahans dune field and broadly on the Southern High Plains.

1.11.2 Thermal Transfer Optically Stimulated Luminescence (TT-OSL) Dating 
TT-OSL protocols for quartz grains can yield ages between ca. 50 and 500 ka and possibly older that are well-solar reset, like aeolian sediments and the induced luminescence emissions exhibit sufficient thermal stability at ambient temperatures (e.g. Brown and Forman, 2012; Timar-Gabor and Wintle, 2013; Faerstein et al., 2018). Ideally, this geochronometer accesses deeply stored, accumulated charge within the quartz crystal lattice that have lifetimes > 106 years at burial temperature of 10° C (e.g., Timar-Gabor and Wintle, 2013; Zander and Hilgers, 2013; Arnold et al., 2015 Wang et al., 2006, 2007; Pagonis et al., 2008). A potential limiting factor on the age range of TT-OSL is the possible thermal eviction of trapped charge associated with TT-OSL during burial at 10° C,  evaluated as the retention lifetime (e.g., Aitken, 1998 p. 199; Li and Li, 2006; Adamiec et al., 2010; Shen et al., 2011). The trap retention lifetime should be at least ten times the measured age to prevent age underestimations of > 5% (e.g., Aitken, 1998, p. 200; Adamiec et al., 2010; Shen et al., 2011; Faershtein et al., 2018). Calculations using isothermal decay, assorted heating schemes, and modeling indicate variable lifetimes for the TT-OSL signal in quartz of ~0.2, 3.2, 3.9, 4.5, or 100’s Ma at 10° C (e.g., Li and Li, 2006; Adamiec et al., 2010; Shen et al., 2011; Brown and Forman, 2012; Chapot et al., 2016; Faershtein et al., 2018). Recent reviews underscore that TT-OSL ages up to ~1.15 Ma on aeolian, littoral, and fluvial deposits appear to be generally concordant with independent age control (Arnold et al., 2015; Bartz et al., 2019), which is at odd with robust calculations on quartz TT-OSL trap lifetimes (at 10° C) of 3.2 Ma (Faershtein et al., 2018).  Additional chronologic tests of TT-OSL are needed in undisputed aeolian stratigraphic context, particularly in North America. 	Comment by Marin, Liliana: should we do this for the Monahans for this paper?

The TT-OSL signal has been attributed to two basic electron traps; the recuperated (Re-OSL) and the basic transfer (BT-OSL) component, also referred to as the residual (e.g., Wang et al., 2006; Adamiec et al., 2010). The residual level in this study was estimated by evaluating an equivalent dose (De) on modern analogs of aeolian sands for dated deeper sediments from the Monahans areas. Also, the rate of solar resetting for the natural TT-OSL signal was quantified by varying time exposures with a laboratory-based Honle solar simulator. If the BT-OSL component is appreciable, it should be subtracted from the TT-OSL signal to isolate better the Re-OSL component (e.g., Wang et al., 2007; Jacobs et al., 2011; Brown and Forman, 2012). 	Comment by Marin, Liliana: how much of the age is considered appreciable?
The TT-OSL signal is induced in the laboratory with an elevated preheat (at  290at 290° C) from normally untapped, deeply stored electrons (~1.57 eV) (e.g., Wang et al., 2007; Jacobs et al., 2011; Brown and Forman, 2012;). This deeply trapped TT-OSL signal of quartz often shows resistance to solar resetting, compared to the OSL-SAR response (e.g., Tsukamoto et al., 2008; Porat et al., 2009; Jacobs et al., 2011). Thus, TT-OSL is most suitable for well solar-reset sediments, like aeolian quartz grains from the Monahans dune field (e.g., Singarayer et al., 2005). Specifically, the TT-OSL signal may need days to months of sunlight exposure to reset to a low definable level; in comparison, the corresponding OSL-SAR signal is reset in seconds to minutes (e.g., Duller, 2008; Jacobs, 2011). The peak emissions associated with the TT-OSL signal are comparatively low at 102 to 104 photon counts/0.4s; in comparison with OSL-SAR emissions of 105 to 106 photon counts/0.4s. The resultant low photon output and signal-to-noise ratio, low sensitivity to laboratory irradiation and changing dose sensitivities with thermal transfer can complicate De determinations (e.g., Pagonis et al., 2008; Brown and Forman, 2012).

1.2 3 Stratigraphic and Sedimentologic Framework
	The aeolian stratigraphic record from any one sediment core, particularly for an active dune field like the Monahans, is highly incomplete and may reflect a biased, preservational record (Stokes and Bray, 2005; Stauch, 2018). Most geologic time in eolian depositional sequences is represented by erosional unconformities and the intervening periods of pedogenesis on timescales of 102 to 105 yryr., reflecting wetter, vegetated, and more stable surface conditions.  Soil development preserved in this stratigraphic context often reflect catenary variations, cummulic soil morphologies with aeolian additions, and “welding” of numerous periods of pedogenesis, separated by relatively thin (< 2 m) aeolian sediments (Ruhe and Olson, 1980; Olson and Nettleton, 1998; Kemp, 2001). The formation of > 0.5 m thick carbonate (stage 2-4) and/or argillic horizons in the Monahans setting yield erosion resistant strata, enhancing in places, the preservation of certain pedosedimentary facies. An important and common process in active dune systems is lateral erosion, truncation and reworking of previously deposited sand that significantly reduces the preservation of the prior depositional record. Reworked eolian sands are well recognized in the BWD and Holocene aeolian sands (Holliday, 1989; Gustavson, 1996). Episodes of heightened eolian activity, dominated by erosion, may be obscured in the stratigraphic record, particularly if the system is sediment starved.  Thus, there are numerous environmental factors like, wind speed, sediment supply and availability, groundwater level, and armoring by paleosols, that control the preservation of eolian sediments and the nature of the stratigraphic record (Stauch, 2018). 
Previous studies of the BWD indicated that this stratum consists of as many as fourteen buried soils, mostly with calcic and argillic morphologies, as is seen in this locale (e.g., Holiday, 1989; Gustavson and Holliday, 1999; Forman et al., 2019; Mayhack, 2021). This analysis of the seven Geoprobe cores, 7 to 19 m long, have identified four aeolian pedosedimentary facies (Fig. 3) (Forman et al., 2019; Mayhack, 2020). Facies A is interpreted as aeolian-reworked sediments from the BWD and often occurs in the upper 2 to 4 m in cores. This fFacies (A) is a brown, well-sorted, medium to fine sand reflecting sand sheet to interdunal sedimentation. In contrast, Facies B was is pale yellowish-brown, very well sorted medium sand interpreted as primary aeolian sand, associated with dune accretion. This facies’ attains a thickness of is > 5 m and appears massive with zones of centimeter to millimeter bedding. Facies C is characterized by calcareous filaments, nodules, and induration, associated with stage 1 to 4 carbonate morphologies. Facies C seems formed in conditions with more available surface moisture, resulting in stable landscape conditions. Facies D is a moderately well-sorted silty sand to sandy silt, light brown to yellow. This facies contains translocated clays with argillic and cambic soil morphologies, formed in areas of landscape stability; the upper contact of Facies D sediments is often truncated by erosion. 	Comment by Marin, Liliana: Here Figure 3 is mentioned, but no fig1A etc or Fig. 2 were mentioned before	Comment by Marin, Liliana: Would it be interesting here mention which cores show facies A?	Comment by Marin, Liliana: Can you describe the Facies C, as you did with the previous two, before interpreting the environment where it was formed?	Comment by Marin, Liliana: Is it important or necessary to explain here how the different contact of the facies transition into the next one?
Investigation of the exposed stratigraphy at the Quarry site, ~ 3.5 km west of the Monahans dune field (Fig. 1), revealed calcareous deposits with extensive shallow water biogenic signatures (Wiest et al., 2020). The basal unit 1 was a bioturbated sandy calcarenite with abundant root traces, likely deposited by aeolian processes with subsequent subaqueous overprinting. The carbonate in this unit was is a micrite, finely-grained clastic deposit, characteristic of areas with low turbidity. Prominent secondary centimeter-scale chert veins demarked the upper contact of unit 1. Unit 2 contained numerous trace fossils of vertical burrows with lower bulbous terminations (Camborygma) from crayfish, which indicate position of the  the water table (e.g., Hasiotis and Honey, 2000; Hembree and Swaninger, 2018). The top of unit 2 contained abundant rhizome trace fossils indicating subaerial exposure. Unit 3 was is a finely (millimeter-scale) bedded to a more coarsely laminated calcareous deposit and was likely deposited in a subaqueous environment. The uppermost unit 4 was is a moderately sorted silty sand with secondary carbonate and centimeter-scale, domal-like, bedded biogenic structures. The top of this unit showed numerous mud cracks, reflecting periodic drying at the edge of the water body. 	Comment by Marin, Liliana: this figure shows the location of the query, not the stratigraphy that you are describing. I do think that for location Fig. 1 should be invoke and a figure with the stratigraphy should be there too.

2.0 Methods
2.1 Optically Stimulated Luminescence-Single Aliquot Regeneration Protocols
The targets for OSL-SAR and TT-OSL dating are quartz grains from seven Geoprobe cores (MON17-01, -03, -07, and -08, MON18-17, MON19-30, and -31) taken from the vicinity of the Monahans dune field and for one stratigraphic section in a nearby quarry (Fig. 1b). The Geoprobe cores were “crown” cut, opening about 20% of the circumference to maximize the preservation of sunlight-shielded sediments for OSL dating and other analyses. These cores were studied extensively, noting Munsell colors, sedimentologic and pedologic features, particle size changes, and lithology-based unit boundaries. Subsequently, the cores were sampled at varying intervals between 2 and 25 cm for granulometry (using a Malvern 2000 Particle Size Analyzer) and carbonate content, with finer sampling intervals for increased discernment of unit contacts and the properties of buried soils. After pedo-sedimentary analyses, pedogenically-unaltered sediments were sampled for OSL dating to constrain aeolian depositional events and ensuing periods of soil formation. The stratigraphy of the quarry site was documented, and blocks of sediments were extracted, which were sampled for OSL under laboratory safe-light conditions.  
OSL samples were extracted from the sediment blocks and light-shielded center of the cores within the Geoluminescence Dating Research Laboratory at Baylor University under sodium-vapor illumination (peak emission 589 nm), conditions in which mineral luminescence is preserved (Spooner et al., 2000). The extracted quartz-rich sediments (87-95%) were prepared to isolate a pure (> 99%) mineralogic fraction of quartz grains of specific grain size as outlined in Marin et al. (in press). Feldspar grains are rare in Monahan sediments accounting for < 2% of the grains necessitating the use of TT-OSL on quartz grains for dating sediments > 75 ka old. 
The dose recovery test is a crucial metric to define SAR protocols for effective dating (Table 1) (Wintle and Murray, 2006). This test evaluates if a known beta dose given to quartz grains can be recovered with SAR protocols under various preheat temperatures and satisfy data quality metrics (Wintle and Murray, 2000). Specifically, the dose recovery tests for Monahans quartz grains evaluated for a range of preheat temperatures (160, 180, 200, 220, and 240°C) if a known dose (5 to 50 Gy) can be recovered using SAR protocols. (Table 1). There was concordance with the known dose for preheating temperatures above 200°C for 10 s with a second “cut heat” at 200°C for 10 s applied prior to measuring the test dose emissions. Final heating at 260°C for 40 s was used to minimize luminescence carryover from the succession of regenerative doses. A test for the reproducibility of the radiation-induced SAR ratio (Lx/Tx) was performed routinely by giving the same beta dose for the initial and final regenerative dose. The concordance (± 10%) between the first and last SAR ratio indicates the fidelity of SAR protocols to recover an unknown De (Murray and Wintle, 2003; Wintle and Murray, 2006). 
Ultra-small aliquots of quartz grains, < 100 grains on an aluminum disc, with > 35 aliquots were used in each OSL-SAR analysis. All luminescence measurements of quartz separates were completed using a Risø TL/OSL-DA-20 automated luminescence reader (Bøtter-Jensen et al., 2003). A ring of blue light-emitting diodes (LED) (peak emission 470 nm) delivering 30.6 W/m2 at 90% power was used for optical stimulation. The Risø luminescence reader used for this study contains a calibrated 90Sr/90Y source providing a β dose of ~0.098 Gy/s. All luminescence measurements were made at 125°C with a heating rate of 5°C/s. Luminescence measurements are assessed through recycling and recuperation metrics within the Risø Analyst v4.57 program to evaluate data quality (e.g., Murray and Wintle, 2000; Duller, 2003; Durcan and Duller, 2011). OSL-SAR De determinations were based on a sample size of ~35 aliquots.
The environmental Dr (Gy/ka) of sediments reflects the three-dimensional exposure to ionizing radiation during the burial period. The Dr is calculated from the concentration of radioactive elements in the sediment, external cosmic dose rate which is attenuated with moisture content during the burial period (Table 3) (Prescott and Hutton, 1994).Elemental analyses were conducted on sediment subsamples by ICP-MS/OES to determine the U, Th, K, and Rb concentrations, assuming secular equilibrium in the decay series. Moisture content estimates varies between 5 and 35%, with driest conditions for the near surface (upper 2 m) aeolian sand and the wettest and saturated conditions (30-35%) for sands at or below the water table. The cosmic ray component was calculated for geographic location, elevation, burial depth and included the soft component of secondary cosmic rays (Liang and Forman, 2019).
The final luminescence age was calculated using the Luminescence Dating and Age Calculator (LDAC) program, an open-source OSL dating computational program (Liang and Forman, 2019. The LDAC platform allows data organization pertinent for calculating De, Dr, and a final age with appropriate statistical treatment and error analyses. The Central Age Model (CAM) was used for calculating a final De because of the low overdispersion values (≤20% at one sigma errors), consistent with this the aeolian depositional environment, where quartz grains are well-solar reset (e.g., Olley et al., 2004; Wright et al., 2011; Galbraith and Roberts, 2012). The minimum age model was used on the youngest four samples (BG4508, 4590, 4591 and 4770) with De < 5 Gy and overdispersion values of > 35% (Table 3). 

2.2 Thermal Transfer Optically Stimulated Luminescence Protocols
Quartz grains that yielded OSL-SAR De values > 70 Gy, at or near dose saturation (Fig. 2a), and with 105 to 106 photon counts for 50-100 grains/aliquots for natural emissions were selected subsequently for TT-OSL analysis (Tables 2 and 3). These grains with elevated luminescence emissions were chosen because the thermal transfer luminescence is often 1 to 2% of the corresponding OSL-SAR emissions (e.g., Wang et al., 2006; Pagonis et al., 2008; Porat et al., 2009; Stevens et al., 2009; Brown and Forman, 2012; Neudorf et al., 2019). Preheat dose-recovery tests, with an applied dose of 50 to 400 Gy, are critical to tailor protocols for TT-OSL dating, after the luminescence of quartz grains was reset to a low definable level by stimulation with blue LEDs for 400 s at 350°C. This dose recovery test varied independently, the first and second temperatures (Table 2), to determine which temperature combination (160°/290°, 180°/290°, 200°/290°, 180°/250°, 180°/270°, 180°/290°, and 180° C/310° C) yielded the given dose. 
Elevated temperature treatments, such as those applied during TT-OSL protocols, may increase the amount of recuperation (Wang et al., 2007; Porat et al., 2009; Stevens et al., 2009; Adamiec et al., 2010). This thermal and optical transfer of charge into OSL traps should be minimized by including an extra heat treatment between cycles, as with OSL-SAR dating (Murray and Wintle, 2003; Adamiec et al., 2010; Brown and Forman, 2012). A final thermal treatment at 350°C for 400 s (Step 12, Table 2) was introduced into the TT-OSL protocols to reduce inherited luminescence (Adamiec et al., 2010). The TT-OSL emissions were measured for 400 s in 1000 channels (0.4 s/channel). The integral of peak TT-OSL emissions was the first 1.2 s, whereas the background counts were the last 8 s. An early background subtraction scheme (5-12 s) was also evaluated which yielded Tx/Lx values within 5% of the corresponding of late background values. 
The fast ratio, though a data quality metric developed for OSL-SAR (Durcan and Duller, 2011), was calculated for TT-OSL shine down curves (Fig. XX). Theoretically, a shine down curve can be deconvoluted into at least three components L1, L2, and L3. The L1 component is usually the dominant, fast luminescence emission that occurs in the first 2 to 3 s. L2 component quantifies a lower emission of a medium component, usually between 3 and 15 s for the shine down curve, with the L3 slow component is post 15 s (Durcan and Duller, 2011).This metric was useful for evaluating the relative contributions of the fast component, in reference to medium and slow components for TT-OSL shine down curves (Durcan and Duller, 2011; Duller and Wintle, 2012) and may preferentially choose quartz aliquots with the higher thermal stability (Faershtein et al., 2018) . The quartz grains that show a dominant TT-OSL fast component often yield the highest light levels and fast emissions that are most susceptible to solar resetting, underscoring the chronologic significance of the resolved TT-OSL signal. Uncertainty exists on an appropriate fast ratio for TT-OSL multi-grain aliquots.  Previously, a fast ratio ≥ 2 was a proposed TT-OSL emission limit for single grain aliquots (Demuro et al., 2014; Bartz et al., 2019). This quantitative assessment of the TT-OSL fast component was useful, especially for younger samples (e.g., BG4515), resulting in an objective metric for evaluating quality of aliquots, many with insufficient light levels (< 1000 photon counts/0.4° C), or low signal to background values (< 3)  (Fig. 9).
The use of single grain or small aliquots for TT-OSL was not analytically feasible because TT-OSL emissions were 1 to 2% of the corresponding OSL-SAR signal. Thus, multi-grain large aliquots (~1000 grain) were used to yield a photon output of the magnitude of 103 or higher with a signal-to-noise ratio above 3:1. The number of aliquots used in this study (11 to 29) is equal to or less than commonly used to calculate OSL-SAR ages. This lower number of aliquots reflects an inherent limitation of TT-OSL with analysis time per sample consuming a single Risø Reader for one to six months. However, this number of aliquots for TT-OSL dating is common though resulting in a less representative population, with larger errors (need reference here). Previous TT-OSL dating on multi-grains of quartz yielded age determinations on 1 to 20 aliquots (e.g., Jacobs et al., 2011; Brown and Forman, 2012; Duller, 2015; Neudorf et al., 2019). In recognition of the lower number of aliquots associated with TT-OSL approaches, Monte Carlo analysis (2000 iterations) is used in both the De and final age calculations to propagate a more representative error (Liang and Forman, 2019). 

2.3 Evaluate sensitivity for solar resetting of TT-OSL
The rate of solar resetting of the TT-OSL signal was evaluated in the laboratory for Monahans quartz grains to provide insights on the reduction of TT-luminescence with natural sunlight. Specifically, solar resetting experiments of quartz extracts were evaluated for seven samples: BG4595, BG4563, BG4511, BG4571, BG4648, BG4996, and BG5021 from seven cores MON17-01, -03, -07, -08, MON18-17, MON19-30, and -31, respectively. These experiments were completed with exposure to UVA, UVB, and visible wavelengths at an intensity of 1000 W/m2 from a Honle UVACUBE 400 solar simulator. This light intensity is about twice the average solar output at the Monahans dune field (31.6°N, -102.8°W). The quartz grains within the solar simulator were exposed to light at timed intervals of 0, 0.08, 0.25, 1, 8, 24, 48, 96, 168, 336, 480 h. 
The residual De was measured for contemporary quartz from the surface of active dunes with deeper aeolian strata sampled by Geoprobe cores to evaluate natural solar resetting. These grains were most likely exposed to sunlight for weeks to months and yielded an appropriate estimate of the residual level of luminescence (e.g., Arnold et al., 2018; Neudorf et al., 2019). These quartz grains were analyzed by OSL-SAR and TT-OSL protocols to yield apparent De values (Tables 1 and 2) and evaluate the extent of solar resetting for modern analogous eolian sands. 

3.0 Results
3.1 Resetting of TT-OSL by timed exposures from a solar simulator  
There was a marked decrease in the normalized TT-OSL signal (Lx/Tx) after a few hours of  light exposure fromthe Honle UVACUBE 400 solar simulator (Fig. 4). These quartz extracts showed a > 50% reduction of the natural signal within the first hour and a total of 80% reduction in the subsequent 8 h. This signal was further decreased by at least 90% after 96 h of light exposure. However, the Monahans quartz extracts showed considerable variability in the time (h) of sunlamp exposure needed to deplete the TT-OSL emissions to a negligible level (< 1% natural TT-OSL). For example, the luminescence of quartz grains for BG4595 was reduced to a low definable level after 24 h, whereas the corresponding luminescence of BG4571 only achieved this after ~480 h of sunlamp exposure. In addition, there was surprising stratigraphic variability for the TT-OSL solar resetting of quartz grains. Quartz grains that yielded larger De values of > 209 Gy (BG4563, BG4571, BG4511, BG4996, BG5021) have a higher percentage remnant signal (~18 ± 6%) after 48 h of solar resetting than that of quartz grains that had younger De values of <107 Gy (~1 ± 2%) (BG4595 and BG4648), though the sample size is small.  However, the remnant signal for quartz grains after 96 h sunlamp exposure is relatively small < 10%, which translates to ≤ 1 standard deviation unit of the corresponding De. 
The TT-OSL signals for the Monahans quartz grains showed greater sensitivity to solar resetting than quartz grains from many other localities in the Northern Hemisphere (Fig. 5). Most other quartz grains exhibit a 90% reduction after weeks to months of light exposure (Fig. 5). However, the Monahans’ grains show less sensitivity to solar resetting than aeolian quartz grains from southern Greece, with a 90% reduction in TT-OSL signal after an hour of exposure to natural sunlight (Athanassas and Zacharias, 2010) (Fig. 5). In addition, the Monahans quartz grains show a low (< 10%) remnant TT-OSL emission after 96 h of solar simulator exposure. 
Three modern analog samples (BG4866, BG4882, and BG5035) from the surface of active dunes, retrieved from tops of cores for MON18-17, MON17-01, and MON19-31, were tested to assess if ongoing aeolian processes fully solar reset the TT-OSL signal. Quartz extracts from contemporary aeolian sands returned OSL-SAR De values of < 0.50 ± 0.01 Gy. Subsequently, TT-OSL analysis of these same quartz extracts yielded a statistically insignificant signal, well within background counts, yielding De values < 0.04 Gy (supplementary data Table A1). This near naught result was similar to many well-solar-reset modern analogs (equivalent to 0 Gy at 2σ) measured by single-grain TT-OSL analyses of other aeolian sediments from north-central Spain (Arnold et al., 2014, 2018) and southern Australia (Neudorf et al., 2019). Thus, the solar resetting and modern analog data indicate that the TT-OSL inheritance of Monahans sand grains was indistinguishable from the background emissions and was well within the 0.5 σ errors for De determinations.  

3.2 TT-OSL Dose Recovery Results and number of aliquot considerations 
Dose recovery tests were determined for representative quartz grains from each core and between units with significant unconformities to document luminescence to dose variability. The applied beta dose for dose recovery tests was between 50 and 400 Gy, reflecting the suspected age range of the dated sediments. Most dose recovery tests recovered successfully within 10% of the given dose across a range of temperatures between 250 and 310° C (Figs. 6 and 7). The first and second preheat combination of 180C and 290C consistently recovered the given dose (within ± 10%) and was used for all De determinations (Fig. 7). Thus, quartz grains from the Monahans aeolian system appear to be temperature insensitive to recover a laboratory-applied dose for the TT-OSL components (Figs. 6 and 7). 
The TT-OSL ages were determined on large aliquots (~500 to 1500 grains) with associated De errors of ≤ 10% for 11 to 29 aliquots (Table 3). Single grains or ultra-small aliquots (~10 to 100 grains) often yield higher precision than multi-grain aliquots, the approach often used for TT-OSL (e.g., Arnold et al., 2015, 2018). The averaging effect of multi-grain aliquots may obscure the identification of multiple De populations (Arnold et al., 2015, 2018). However, the Monahans quartz grains were probably well-solar reset in a dune or sand sheet depositional environment with days to months of sunlight exposure. This inference is consistent with the full solar reset of luminescence for core-top aeolian sands, a modern analog, with an apparent De of < 0.04 Gy. Laboratory studies of diminution of the TT-OSL emissions with exposure to UVA, UVB, and visible light spectra at 1000 W/m2 indicate a 90% reduction in luminescence after 48 h of sunlamp exposure, with the remaining TT-OSL signal reducing to < 1% within 24 to 480 h (Fig. 4). In turn, TT-OSL De analyses on the same quartz grains yielded overdispersion (OD) mean values of  22 ± 4% (N=20) indicative of one component De population (e.g., Olley et al., 2004; Arnold and Roberts, 2009; Wright et al., 2011; Galbraith and Roberts, 2012; Forman et al., 2015). (Figs. 10, 11, Table 3). 
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3.4 Equivalent dose determinations by TT-OSL and OSL-SAR on Monahans quartz grains 
The variability in TT-OSL De was documented across the decreasing shine down curve, to evaluate changing values across fast and medium luminescence components (Fig. 12). Ideally, if quartz is fully solar reset with a dominance of the fast component the resultant De values should be consistent by shine-down time (e.g., Bailey et al., 2000; Jacobs et al., 2011; Brown and Forman, 2012). Monahans quartz grains show De values that are consistent for at least the first 2 s, with mean values rising from 2 to 5 s, but overlap at 1σ errors. This rising De values post 2 s my reflect incomplete solar resetting, signal inheritance for medium components prior to deposition or a consequence of non-first order kinetics during optical measurement (Bailey et al., 2000; Brown and Forman, 2012; Jacobs et al., 2011; Neudorf et al., 2019). However, De and dose recovery De values show similar response, indicating similar charge trapping and de-trapping mechanisms  (Neudorf et al., 2019). Thus, for De calculations integration time was limited to the shortest time < 1.6 s of shine down curve to fully capture the, readily solar reset fast component, which yielded consistent De values (Cunningham and Wallinga, 2010). 
Five quartz separates (BG4515, BG4595, BG4648, BG4647, and BG4596) were dated in parallel by OSL-SAR and TT-OSL protocols to evaluate the reproducibility of ages using these two different dating methods. These quartz grains were dated by both methods because of the low environmental dose rate (0.43 to 0.71 mGy/ka) and suspected age range, between 50 and 250 ka with the OSL-SAR regenerative growth well below saturation dose and with sufficient photon emissions for TT-OSL analysis. These results indicate internal consistency between the TT-OSL and OSL-SAR ages for the Monahans dune field for the tested De range of ~46 to 145 Gy, with the TT-OSL component (s) apparently well solar reset (Fig. 3). Quartz grains from the SHP with a De < 45 Gy may exhibit a low signal-to-noise response (< 3:1), which may confound De calculations by TT-OSL for sediments ca. 50 to 75 ka old. 

4.0 Discussion:
4.1 Timing of Eolian Depositional Periods (EDP)
	Questions remain on the accuracy of TT-OSL dating particularly with a De > 300 Gy (Faershtein et al., 2018 more refs).  The concordance between SAR-OSL and TT-OSL ages up to 145 Gy is supportive of the utility of TT-OSL dating in the Monahans dune field context. The low dose rate of 0.4 to 1.4 mGy/yr for the Monahans eolian sand may also limit the upper temporal range, but selection of aliquots with fast ratios > 2 may enhance temporal sensitivity (Faershtein et al., 2018;). The oldest ages with De of > 300 Gy may be minimum estimates. These results indicate the need for thermal stability studies of the TT-OSL source trap for the Monahans quartz grains (e.g. Faershtein et al., 2018), and/or the application of other luminescence (UV) and other dating methods (e.g. U-series on carbonate) to test these ages. We view the oldest ages ca. 500 to 550 ka as new chronologic hypotheses for subsequent testing.  
The total of sixty-one OSL ages on six >7-m-long Geoprobe cores, and one stratigraphic section may provide improved chronologic definition on past, preserved eolian depositional periods (EDP; Forman et al., 2016). Also, bounding luminescence ages yield insight and periods of landscape stability, indicated by buried soils for the upper part of the BWD.  TT-OSL dating provided improved definition on EDPs > 60 ka ago, with SAR-OSL dating yielding ages for quartz extracts < 100 ka. These two luminescence dating approaches on the same quartz extracts provide concordant ages with overlapping application between 50 and 240 ka; yielding added confidence in the resolved depositional chronology (Fig. 13). 
	The recognition of eolian depositional periods was assisted through a finite mixture modeling of the forty finite OSL ages associated with this study (Table 3). The oldest preserved EDP defined solely by TT-OSL ages on quartz grains is at 510 ± 35 ka (n= 7).  This appears to be a significant episode of eolian activity with over 5 m thickness of Facies A eolian sand found in three cores (MON17-07, 19-30 and 19-31), reflecting dune-like environments and interrupted in places by noticeable soil development, with cambic horizons. This period of eolian deposition generally corresponds with Marine Oxygen Isotopic Stages (MIS) 14 and 13, when global sea level was -20 to -80 m, possibly associated with an intermediate configuration of North American ice sheets (Past Interglacial Working Group of Pages, 2016; Batchelor et al., 2019; Rohling et al., 2021).  There were two succeeding eolian deposits recognized by sole TT-OSL ages of 444,250 ± 26,760 yr (BG4563TT) and 347,680 ± 21,210 yr (BG4760TT) in core MON07-03 and at the Quarry Site respectively, that are < 2 m thick and altered heavily by secondary carbonate (Fig. 11 Aeolian sediments which yielded IRSL age of 347 ± 40 ka have also been recognized in BWD formation to the north near Lubbock, TX  (Hall and Goble, 2020). These eolian depositional events may have occurred during sensu lato glacial MIS 12 and 10, respectively and possibly the preceding and proceeding transitional times, considering age errors.  Northern Hemisphere ice sheets during these intervals were near full size and associated with global sea level of < -60 m (Past Interglacial Working Group of Pages, 2016; Batchelor et al., 2019; Rohling et al., 2021). 
The Quarry Site 3.5 km west of the Monahans dune field revealed evidence for wetter conditions in the past 250 ka, than today (Fig. xx). The stratigraphic presence of crayfish burrows, algal-domal structures, and mud cracks which yielded bounding TT-OSL ages of 233,150 ± 14,540 yr (BG4765TT) and 196,420 ± 10,910 yr (BG4761TT). This wet period may have occurred broadly during interglacial MIS  7 (Past Interglacial Working Group of Pages, 2016) and may reflect added thermal driven increase in advective moisture from the Gulf of Mexico (Insel and Berkelhammer, 2021).  These near-shore lake deposits are correlative to a tripartite stack of carbonate-rich paleosols in core MON18-17 that span from ca. 255 ka to 188 ka and a dual sequence of carbonate paleosols between 251 ka and 107 ka in core MON17-01 (Fig. 11), indicating a broader landscape stability during this wet period, ca. 235 to 195 ka.  
There is a distinct paucity of preserved stratigraphic thickness of eolian deposits from the last interglacial (MIS 5) ca. 135 to 75 ka. There are just two minor occurrences of sediments each ~1 m thick, with strong pedogenic overprint with cambic and argillic horizons, yielded ages of 129,180 ± 8,810 yr (BG4993) and 96,050 ± 10,120 yr (BG5003), respectively, with truncated upper contacts. Sand sheet deposits Recent modeling of last interglacial climate indicates that there may have been a precipitation dipole with drier conditions in Arizona, with wetter conditions in eastern New Mexico and western Texas ca. 130-125 ka, with an increase in thermally driven advective moisture (Insel and Berkelhammer, 2021).  The scantly preserved eolian deposits and well developed paleosols during MIS5 indicate modest eolian deposition (and preservation) occurred during one of warmest interglacial in the past 500 ka (Past Interglacial Working Group of Pages, 2016; Rohling et al., 2021), perhaps reflecting mesic conditions.  
There is persistent evidence in cores MON17-01, 17-03, 17-08, 18-17, and 19-31 of 2 to 5 m accumulation and preservation of Facies A and B eolian sand deposited ca. 67 to 30 ka ago, equivalent with MIS 4 and 3.  Speleothem records from Missouri indicate that this is a period of cooling and drying in the mid-continental US (Dorale et al., 1998) punctuated by possible droughts between 66 and 55 ka in east Texas (Weist et al., 2018). Clumped isotopic analyses on pedogenic carbonate from the eastern Wyoming indicate a shift in mean precipitation-bearing circulation in mid-continental U.S. from zonal to meridional ca. 70 to 55 ka, with expansion of the Laurentide ice sheet and drying of interior North America (Oerter et al., 2016).  
The eolian depositional record for the Last Glacial Maximum (LGM), ca. 25 to 15 ka is discontinuous with <1 to 2 m thick of recognized strata in five out of six cores (Fig xx). These sand sheet-type deposits are often reworked BWD (Facies B sands) and show noticeable pedogenic overprint of carbonate and cambic horizons, indicating stable landscape conditions (Fig. xx). The presence of pluvial Lake King in the Trans-Pecos Closed Basin in the drainage immediately west of the Monahans Dune Field that formed at least ca. 25 to 16 ka ago, with at least four distinct high stands (Wilkens and Currey, 1997; Wilkens, 1997; Holiday et al., 2019) indicates appreciably wetter conditions during the LGM. These ameliorated conditions may have persisted periodically past the Younger Dryas (13 ka) with evidence of Folsom-Midland bison kill and processing site on a stable landscape surface with appreciable soil development (Tubb Soil) in a small satellite dune field to the southwest of the Monahans dune field (Meltzer et al., 2006). Cores MON17-01, MON17-31 and MON18-17 from the Monahans Dune Field identified a correlative paleosol buried by 1.5 to 4 m of eolian sand ca. 13 and 10 ka ago, indicating renewed eolian activity and drying into the Holocene.   
Conclusions
Stratigraphic analyses of seven Geoprobe cores and one section near or in the Monahans dune field, west Texas with sixty-one associated OSL ages by single aliquot regeneration and thermal transfer approaches provided new data for deciphering the incomplete record of eolian deposition and environmental changes spanning the past ca. 500 ka. The two OSL dating protocols on the same quartz extracts yielded concordant ages between ca. 50 and 240 ka, providing added confidence in the chronology, though the oldest ages of 500 to 550 ka may be minimum estimates. These OSL ages in concert with sedimentologic features, granulometry, finite mixture modeling reveals at least five preserved eolian depositional periods at ca. 510 ± 35, 280 ± 20, 62 ± 5, 46 ± 3, 24 ± 1, and 16 ±1 ka. The greatest preserved thicknesses (3-6 m) of aeolian sand are for periods 510 ± 34 ka and 67 to 30 ka ago, equivalent to MIS 4 and 3, and with the Holocene sands 4 to 1 m thick.  This enhanced thickness of preserved aeolian deposits occurred mostly during transitional climate periods, e.g. during stadials, when the Laurentide ice sheet was 40 to 80% of the LGM volume, and zonal circulation was possibly displaced northward. Wet periods occurred during interglacial MIS 7 ca. 235 to 195 ka and MIS 2 ca. 25 to 16 ka when pluvial lakes existed in the region and are correlative with modest (< 2 m thick) aeolian deposition overprinted with pedogenesis forming > 0.5 m thick composite carbonate and argillic horizons often welded together. This geochronologic analysis underscores that there may be multiple climatic states during glacials and interglacials associated with wetter conditions. In turn, drier conditions associated with dune movement occurred preferentially during intermediate climate states such as stadials, associated with advance and retreat of the Laurentide ice sheet, during the past ca. 500 ka. 
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Figure Captions

Figure 1a) Location of the study area in geographic context with features on the Southern High Plains. 1b) Sampling locations within the study area. 1c) The extent of subset 1a) within the North American continent.

Figure 2a) De derived from OSL-SAR regenerative dose analysis and associated natural shine down curve (2b) 2c) TT-OSL regenerative dose curve and associated shine down curve (2d) for sample BG4510.

Figure 3) This figure defines the facies distinctions used in this study and their appearance.

Figure 4) Percentage reduction of TT-OSL signal compared to natural emissions (=1) by timed exposure to solar simulator Honle UVACUBE 400 with a simulated solar exposure at 1000 W/m2.

Figure 5) The comparison between the TT-OSL solar resetting of BG4648 and previous evaluations of TT-OSL solar resetting.

Figure 6) The dose recovery results of BG4571 (89 Gy). 

Figure 7) Preheat dose recovery tests with a first 180º C preheat and a second 290º C preheat. The beta doses applied for BG4500, BG4563, BG4571, BG4511, BG4524, BG5021 were 118, 49, 89, 49, 394, and 354 Gy, respectively.
Figure 8) Results of dose recovery tests with early background subtraction (EBS) and late background subtraction (LBS) averaged over 3 aliquots.

Figure 9) The TT-OSL fast ratios compared to corresponding equivalent dose (De). Data points were excluded from analysis due to insufficient light levels or failure to meet luminescence metrics.

Figure 10a) The TT-OSL dose response curves, 10b) the TT-OSL shine down curves, and 9c) The radial plots of equivalent dose values for samples BG4595, BG4648, and BG4571, showing the overdispersion values for these De values, between 17 and 25%.

Figure 11. The stratigraphy of Geoprobe cores and the quarry exposure in this study and the associated OSL and TT-OSL ages. Locations of these sites are shown on Figure 1.

Figure 12) Representative De(t) plots natural signals from equivalent dose and dose recovery analyses of BG4524, shown with 1σ errors. 

Figure 13) Comparing luminescence ages produced using OSL-SAR and TT-OSL dating of the same samples with 1σ errors.

Figure 14a) Shows probability and kernel density analyses of the 41 samples with an age of >2 ka that were measured in this study with the nine finite mixture model (FMM) components from Table 4. 14b) Presents the FMM components with errors compared to the marine isotope record of seawater from Elderfield et al., 2012.
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