
ABSTRACT 

Late Quaternary Sedimentary Architecture and Depositional History of the Monahans 

Dune Field, Winkler County, TX 

Connor J. Mayhack, M.S. 

Mentor: Steven L. Forman, Ph.D. 

The Monahans dune field is a Quaternary eolian system on the Southern High 

Plains in west Texas. Previous work characterizing the Monahans is limited by the depth 

and spatial coverage of stratigraphic analyses. This study presents the initial results of an 

ongoing study of the dune system facilitated by the collection and analysis of 81 sonic 

boreholes (>40 m) and 18 Geoprobe direct push cores (5-19 m). Three-dimensional 

modeling of these data, and exploratory passive seismic observations reveals a complex 

depositional record of eolian and palustrine deposition, and pedogenesis. This study 

analyzes the depositional sequence, geometry and chronology of Blackwater Draw 

Formation (BWD) and coeval lacustrine sequence. Sonic boring infill logs and 

geophysical exploration records were used to define the basal depositional surface. The 

eolian sands and in fill across a northwest to southeast slope thinning eastward to an 

escarpment and subsurface depressions which are not reflected in the current topography. 



The chronology of the near-surface stratigraphy was derived from Optically 

Stimulated Luminescence (OSL) and Thermal Transfer (TT-OSL) Single Aliquot 

Regeneration (SAR) protocols on quartz grains from in-tact sediment cores. The 

stratigraphy and chronology of quartz grains from these cores document thirteen eolian 

deposition phases (EDPs). These phases document a recurring cycle of eolian activity, 

stabilization and pedogenesis, and erosion. The results of this study provide new insight 

into sedimentary structures, processes, and depositional history within the Monahans 

dune system, and relationship with climate variability in the late Quaternary Southern 

High Plains. 
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A. B. 

CHAPTER ONE 

Introduction 

The Monahans Dune Field, Winkler County, Texas is one of numerous 

Quaternary eolian systems on the Great Plains (Fig. 1). Many of these eolian systems 

have persisted on the landscape for tens of thousands, if not millions of years (e.g. 

Forman et al., 2001, Rich and Stokes 2011, Halfen and Johnson, 2013); reflecting 

landscape-scale eolian and ecosystem processes (Schlesinger et al., 1990, Bolles and 

Forman, 2018). The activity of these North American dune fields is modulated by the 

wind velocity, sediment availability and source mediated by vegetation cover 

(Turnbull et al., 2010, Bolles and Forman, 2018). 

Figure 1. A) Position of the Monahans Dune field (Insert) relative to the Southern 

Great Plains (grey) and mapped surficial eolian deposits (brown) after Holiday et al, 

1995. B) The extent of 3D modeling (white) and position of Sonic borings (red) and 

Geoprobe cores (yellow). 
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Thus, an 

emerging paradigm 

has established a 

corollary relationship 

between the drivers of 

climate in the Southern 

High Plains (SHP), the 

latitudinal and 

elevational extent of 

the Laurentide Ice 

Figure 2. a) trajectory of N. Hemisphere storm 

tracks and warm subtropical air during Warmer 

interstadial conditions relative to the Monahans 

(yellow). b) Southern excursion of these synoptic 

features during cold stadial conditions and greater 

Laurentide extent. Schmidt and Hertzberg, (2011) 

Sheet, synoptic scale atmospheric oscillations, and the associated North American 

Monsoon (Fig. 2) (Forman et al., 2001, Halfen and Johnson, 2013, Donat et al., 

2015). The stratigraphic record of eolian deposition in the Southern Great Plains may 

reflect wetter periods during glacials and stadials and considerably drier times with 

interglacials and interstadials in the late Quaternary. This study evaluates the 

sedimentary architecture of Monahans Dune Field using data developed from sonic 

borings, Geoprobe cores, and three-dimensional stratigraphic modeling. This analysis 

provides new insights on the geometry of the Monahans eolian depositional basin and 

the timing and pace of eolian deposition and pedogenesis in relation to the ancestral 

Pecos River. 

Modern drought variability on the SHP is driven by ENSO. This synoptic 

oscillation drives SHP drought as upwelling and cTolder SSTs in the eastern tropical 

pacific induce high pressure systems during positive La Niña phases (Cook et al., 
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2011, Ternberth and Hurrel 1994, Donat et al., 2015). Cooling in tropical waters 

reduce meridional temperature and pressure 

gradients and result in a poleward contraction of the westerly jets (Cook et al., 2011). 

The meridional extent of the jet stream driven by the expansion and contraction of the 

Hadley Cell shifts the mid-latitude storm tracks (Schubert et al., 2004, Cook et al., 

2009). Such changes to the temperature and pressure fields driving North American 

circulation suppress the major transport of moisture from the Gulf of Mexico into 

central and southern North America (Donat et al., 2015). This moisture is associated 

with the Great Plains Low Level Jet (GPLLJ), a local summer wind system which 

transports moisture into the North American continent from the Gulf of Mexico 

(Donat et al., 2015). The suppression of this local system by synoptic circulation 

results in the southerly spring flow of the GPLLJ being sideswept northeastward 

along the Atlantic margin (Donat et al., 2015). This change results in spring and early 

summer winds transporting dry continental air over the SHP (Donat et al., 2015). 

Climate during the late Pleistocene to Holocene North American atmosphere 

was modulated intermittently by the Laurentide Ice Sheet. This ice sheet impacted 

global heat balance and atmospheric dynamics in several ways. Increased meltwater 

events reduced thermohaline circulation and altered meridional heat transport 

(Jackson, 2000) reducing North Atlantic SSTs which have been observed and 

modeled to have a major influence on modern drought conditions in the Great Plains 

(Donat et al., 2015, Schubert et al., 2004, Cook et al., 2011). In addition, the ice sheet 

elevation (Jackson, 2000) and position (Romanova et al., 2006) anchored a 

tropospheric stationary wave due to the orographic and temperature gradient impacts. 
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The result is that as the planet transitions between glacial or stadial and interglacial to 

interstadial conditions, the extent and height of the LIS modulates the position of 

mean storm tracks across the Great Plains (e.g. Holiday, 1989, Gustavson and 

Holiday, 1999, Holiday, 2001, Rich and Stokes, 2011). During warm Interstadials, the 

coalescence of Northern hemisphere jet streams contracts poleward towards the 

margin of the ice sheet resulting in warm subtropical air from the continent being 

transported across the SHP. Alternatively, during colder Stadial conditions, the 

stationary wave produced by the LIS deflects the jet stream and associated storm 

tracks further South, resulting in pluvial conditions in the SHP. This study aspires to 

expand our understanding of late Quaternary paleoclimate in the SHP as by 

observation of its expression in the eolian depositional and pedologic history of the 

Monahans Dunes. 

Geologic Setting 

The modern sand sheet and dune field observed at the surface in the 

Monahans is deposited over the Blackwater Draw Formation (BWD). The 

Blackwater Draw contains eolian, fluvial, colluvial sediments with prominent 

carbonate-rich buried soils which occurs across much of the SHP (Gustavson and 

Holiday, 1999, Holiday, 2001). Six major paleosols (Carbonate stage II-IV) are 

identified near the type section with as many as fourteen soils and paleosols recorded 

in sediment cores (Gustavson and Holiday, 1999, Hovorka, 1995). The base of the 

BWD Formation is inferred to be Plio-Pleistocene, ca. 1.6 Ma old, based on the 

occurrence of the Ma Guaje Ash in a lower stratigraphic position (Holliday 1989). 
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Luminescence and radiocarbon ages on quartz grains constrain the upper eolian 

deposits to span the late Pleistocene, ca. < 200 ka and terminate at the Pleistocene to 

Holocene boundary at ca. 12 ka (Holliday et al. 2008, Rich and Stokes, 2011; Rich 

2013). Late Pleistocene strata in the Monahans Dune Field is characterized by quartz- 

dominated eolian sands intercalated with paleosols that in places have been truncated 

by erosion. Paleosols often show well developed calcic and argillic horizons 

indicative of prolonged stability (> 5 ka) and more mesic conditions (Gustavson and 

Holliday 1999). 

Another key to understanding the Monahans eolian system is the context 

provided by proximal sand sheet deposits in New Mexico and northern Mexico. 

These sequences reveal multiple distinct reactivation periods in the past 100 ka (e.g. 

Hall et al. 2010, Hall and Goble 2015, Rich, 2013). For example, the Mescalero sand 

sheet deposit extends west of the caprock escarpment to the northeast edge of the 

Chihuahuan Desert. This sand sheet is composed of two depositional episodes, 

overlying Mescalero paleosol with carbonate stage II – III morphologies (Hall and 

Goble 2006). This paleosol formed prior to 100 ka on the eroded surface of Permian 

and Triassic Red beds and the Middle Pleistocene Gatuña Formation (Hall and 

Gobles 2006, Hall and Goble 2008). OSL ages on quartz grains from the overlying 

eolian sands indicate deposition between ca. 90 and 70 ka, and 9 and 5 ka ago (Hall 

and Goble, 2008). Further to the east, the Bolson sand sheet also exhibits two phases 

of deposition, constrained by OSL ages between ca. 44.5 ka and 22.2, and 22.2 and 

5.2 ka (Hall et al. 2010). The earliest episode is coincident with a transition from 

subaerial to paludal-lacustrine conditions in nearby Lake Otero, NM at 47 ka (Hall et 
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al. 2010, Allen et al. 2009). Deflation across the SHP has also resulted in smaller 

scale lunette features with periodic deposition 25-15 ka, and 8-5 ka (Holliday 19997, 

Holliday et al. 2008). 

Pluvial lakes Otero and Estancia in northern New Mexico record a series of 

high stands in the ca. 22 to 15 ka, the onset followed by a pronounced fall in lake 

level at ca. 18.1-17 ka (Broecker et al. 2009, Menking et al. 2018). Lake Otero 

experienced its final highstand ca. 16.9 ka (Menking et al. 2018). Initial desiccation 

and deflation and of both basins occurred between 12 and 11.3 ka (Menking et al. 

2018). This drying is coincident with Eolian Sand Unit 2 of the Strauss Sand Sheet 

(Hall and Goble 2015), the aggradation of eolian material as playa filling mud in SHP 

playas (Holliday et al. 2008), and sand sheet deposits overlying the BWD (Holliday et 

al. 2001).Though lake level was in decline, there were several modest highstands in 

the latest Pleistocene, the latest between 11.4 and 9.2 ka., Lake level fall continued 

post ca.9.0 ka and through the Holocene (Anderson et al. 2002, Menking et al. 2018). 

This study analyzes the sedimentary architecture, and chronology of deposition in the 

Monahans eolian system. New investigation has been facilitated by the collection and 

analysis of eighty deep boreholes (>40 m long), 16 direct-push Geoprobe cores (5-15 

m long), and geophysical data including passive seismic and gravity surveys. These 

data, modeled in three dimensions, provide context and antecedent conditions for this 

Pleistocene and Holocene sedimentary basin that floors the active Monahans dune 

field. Direct push Geoprobe core samples yield >95% recovery and preserve intact 

pedo-sedimentary structure and viable material for optically stimulated luminescence 

(OSL) dating. Absolute chronology of the stratigraphy has been derived from Single 
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Aliquot Regeneration OSL (SAR-OSL) protocols on quartz grains extracted from 

these cores. The results of these analyses provide new insight into sedimentology, 

sedimentary architecture, pedogenesis and the timing of eolian depositional events for 

the past 150 ka, since the last interglacial. 

Scientific Objectives and Hypotheses 

This study has two primary objectives. First, to model the subsurface 

geometry of late Quaternary deposition and the antecedent fluvial landscape at the 

contact between the late Ogallala and BWD formations (Fig. 2). This study will 

provide insight into landscape dynamics at the transition from Miocene/Pliocene 

mesic conditions to Pleistocene aridity. Second, to test the hypotheses that the pace of 

eolian deposition and landscape stability is modulated by the extent of the Laurentide 

Ice Sheet, with wetter periods during Stadials and Interstadials, characterized by 

pedogenesis or low eolian depositional rates and drier intervals during long 

interglacials with pronounced eolian activity. 
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CHAPTER TWO 

Methods 

Sedimentology, Pedology, and Stratigraphy 

We present stratigraphic, sedimentologic, and pedologic observation produced by 

the analysis of nineteen sediment cores. These cores were collected using the Macro-Core 

MC7 and MC5 soil sampling systems on a Geoprobe 6620DT. This system employs PVC 

liners to preserve intact pedo-sedimentary structures for laboratory analysis. Two Macro- 

core toolsets were used; the wider MC7 toolset (70 mm) was used by default whenever 

possible and, and the narrower MC5 (38 mm) was employed when challenges to core 

recovery were encountered, such as dense carbonates, high clay concentrations, or higher 

pore water pressure below the water table. These sediment-filled liners were moved to the 

Soils and Sedimentology, Baylor University, Waco TX where they were split lengthwise 

via a 5 or 7 mm crown cut using a  Rockwell F80 Sonicrafter (MC5, MC7 respectively) 

to access undisturbed sediment while preserving the greatest viable volume for later 

sampling. Sediment characteristics were then recorded of Munsell Color, grains size, 

biogenic structures, bedding and pedogenic features including horizon designation 

(Munsell Color, 2010, NRCS, 2014). Carbonate content was assessed gasometrically by 

the difference in mass of samples before and after the application of 11% HCl to 

complete consumption, with samples oven-dried before all mass measurements. Initial 

grain size observations were augmented by centimeter-scale sampling and analysis with a 

Malvern Mastersizer 2000, which measures particle sizes from 0.2 to 2000 µm (Rawle 
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2003). Granulometry samples were collected iteratively with initial spacing of 5 to 20 cm 

followed by finer spacing (2to 5 cm) in areas of high variability and stratigraphic unit or 

soil horizon boundaries. To better measure depositional particle-size ranges, diagenetic 

and pedogenic carbonate and organic matter components were removed from samples 

before grain size analysis by the application of 12% hydrogen peroxide followed by 11% 

HCl respectively. The resultant granulometry data were then divided into classes 

according the Wentworth grade scale (Wentworth, 1922). Resultant logs of pedology, 

granulometry, and carbonate percentage were then used to define depositional units and 

pedosedimentary fascies observed across cores and plotted versus depth in the 

sedimentary sections. 

Optically Stimulated Luminescence Dating 

Chronological control of the Geoprobe cores was obtained by OSL dating of 

quartz grains under Single-Aliquot Regenerative-dose (SAR) protocols which provides 

an age since the most recent depositional episode of a sample (Wintle and Murray, 2006). 

OSL relies on the resetting of luminescence signal to a low definable level when 

subaerially exposed during transport. For this reason, eolian sediments such as those 

found in the Monahans are advantageous for OSL dating as they receive prolonged (>1 

hr) of light exposure during transport and deposition (Mejdahl 1986). Quartz grains were 

isolated for dating due to their ability to act as a natural dosimeter, and susceptibility to 

solar resetting (Aitken, 1998). This susceptibility reduces the residual signal inherited 

from previous depositional episodes to a low definable level. 
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Single aliquot regeneration (SAR) protocols were used in this study. Each aliquot 

contained approximately 50 to 150 quartz grains corresponding to a 1-millimeter or less 

circular diameter of grains adhered (with silicon) to a 1 cm diameter circular aluminum 

disc. The quartz fraction for a specific grains-size range (e.g. 150-250 µm) with sieving 

was isolated by density separations using the heavy liquid Na–polytungstate, and at least 

one 40-minute immersion in hydrofluoric acid (HF 40%), to etch the outer ~10 µm of 

grains, which is affected by alpha radiation (Mejdahl and Christiansen, 1994). The 

isolated quartz fraction was rinsed finally in HCl (36%) to remove any insoluble 

fluorides. 

The optical purity of quartz separates was tested by exposing aliquots to infrared 

excitation (1.08 watts from a laser diode at 845 ± 4 nm), which often preferentially 

excites feldspar minerals. If this test indicated feldspar contamination, the HF 40-minute 

immersion was repeated. Another safeguard of quartz grain purity was examination of a 

small subsample with a visualized petrographic microscope and by Raman spectroscopy. 

If a subsample exhibited > 1% non-quartz minerals, particularly feldspar minerals, the 

sample was retreated with density separations, HF soaking for an additional 20 or 40 

minutes, sieved again and recheck for grain purity. The resultant final, prepared samples 

have a quartz purity of > 99% and showed weak emissions (<400 counts/second) with 

infrared excitation at or close to background counts. 

An Automated Risø TL/OSL–DA–15 system was used for SAR analyses. Blue 

light excitation (470 ± 20 nm) was from an array of 30 light-emitting diodes that deliver 

~15 mW/cm2 to the sample position at 90% power. Optical stimulation for all samples 

was completed at an elevated temperature (125° C) using a heating rate of 5 °C/s. All 
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SAR emissions were integrated for the first 0.8 s of stimulation out of 40 s of 

measurement, with background emissions integrated for the last ten seconds of data 

collection, for the 30 to 40 s interval. The luminescence emission for all quartz fractions 

showed a dominance of a fast component with > 90% diminution of luminescence after 4 

seconds of excitation with blue light. The fast ratio was calculated for natural emission 

and the equivalent emissions for a regenerative dose for each aliquot (Durcan and Duller 

2011). Aliquots with a fast ratio of <15 were removed from the final equivalent dose 

analysis; also, aliquots with infrared depletion ratio of > 5%. 

A series of experiments was performed to evaluate the effect of preheating at 160, 

180, 200, 220, and 240 °C on isolating the most robust time-sensitive and thermal 

transfer emissions of the regenerative signal prior to the application of SAR dating 

protocols. These experiments entailed giving a known dose (10 Gy) and evaluating which 

preheat resulted in recovery of this dose. There was concordance with the known dose 

(10 Gy) for preheat temperatures above 180 °C with an initial preheat temperature used 

of 200 °C for 10 s in the SAR protocols. A second “cut heat” at 200 °C for 10 s was 

applied prior to the measurement of the test dose. A final heating at 260 °C for 40 s was 

applied to minimize carryover of luminescence to the succession of regenerative doses. A 

test for the reproducibility of the radiation-induced SAR ratio (Lx/Tx) was also performed 

by giving the same beta (90Sr/90Yt) source radiation exposure for the initial and the final 

regenerative dose and evaluating the concordance of the SAR ratios, which should be 

within 10% (Wintle and Murray, 2006). 

The equivalent dose (De) distributions were log normal and exhibited 

overdispersion values between 6 and 68%. An overdispersion percentage of a De 
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distribution is an estimate of the relative standard deviation from a central De value in 

context of a statistical estimate of errors (Galbraith and Roberts, 2012). A zero 

overdispersion percentage indicates high internal consistency in De values with 95% of 

the De values within 2σ errors. Overdispersion values < 20% are routinely assessed for 

quartz grains that are well solar reset, like aeolian sands and this value is considered a 

threshold metric for calculation of a De value using the central age model (Galbraith and 

Roberts, 2012; Peng and Forman, 2019). Overdispersion values >20% indicate mixing or 

grains of various ages or partial solar resetting of grains; the minimum age model (MAM; 

four parameters) may be an appropriate statistical treatment for such data. The MAM can 

effectively model the De components that are time dependent and inherited (Galbraith 

and Roberts, 2012; Peng and Forman, 2019). 

The environmental dose rate (Dr) is critical measurement for calculating a 

luminescence age. The U, Th, Rb and K concentrations are determined on the bulk 

sediment by inductively coupled plasma mass spectrometry by ALS Laboratories, Reno, 

NV. The beta and gamma doses were adjusted according to grain diameter to compensate 

for mass attenuation for the dose rate (Fain et al., 1999). A cosmic ray component, 

considering location, elevation and depth of strata sampled was calculated which includes 

the soft component (Prescott and Hutton, 1994; Liang and Forman, 2019). We estimated 

moisture content (by weight) from present values, particle size characteristics and in 

reference to field indicators on the height of the water table. The datum year for all OSL 

ages is AD 2010. 
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Three-dimensional (3-D) Stratigraphic Modeling of the Monahans 

A combination of three-dimensional (3-D) modeling, sedimentary analysis of core 

samples, and luminescence geochronology yielded enhance architectural insights on the 

aeolian depositional processes for the Monahans Dune Field in west Texas. Stratigraphic 

data was collected from sediment cores, borehole cutting logs, and limited geophysical 

surveys to produce a 3-D model of the subsurface sedimentary architecture. Sixteen 

sediment cores 5 to 15 m long were used in modeling. Deeper data (20-30 m) are 

provided by logs of eighty-eight sonic boreholes collected by Westward Environmental, 

Boerne, TX. Logs of cuttings include lithologic descriptions and depth to observed unit 

contacts. Observations were recorded at ~1.50 m intervals and at observed changes in 

lithology. Finally, geophysical data was collected along eight transects with a total length 

of 5.8 km. Microgravity observations were collected at 50 m spacing with a Scintrex CG- 

6 Autograv gravity meter with high-precision position measurements collected using a 

Leica GS18-T kinematic GPS unit (Saibi, 2017). Horizontal to Vertical Spectral Radio 

(HSVR) passive seismic sampling was conducted at 100 m spacing in tandem with 

microgravity using a Tromino Zero 3G+ Seismograph (Chandler and Lively, 2016). 

Each of these data sources provided independent observations of the subsurface in 

varying formats and resolution. Data from all sources was normalized as depth to contact 

values at the boundaries of four generalized lithologic units. The units: fluvial silty clay 

w/gravels, silty carbonate rich biogenic playa lake sediments, carbonate soils (stage 3-4 

carbonate morphologies (Gile et al., 1966), and aeolian medium to fine sand were first 

identified in borehole logs and sediments cores. Higher resolution stratigraphy from 
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Geoprobe cores was reclassified into these broad units with geophysical data recording 

the density contrast between overlying sediment and the basal fluvial deposits. 

The normalized depth data was input into Geosoft Target software (Version 9.6 

available through the publisher at https://www.seequent.com/products-solutions/geosoft- 

target/) which produces isosurfaces and voxel block models from drill hole data. Each 

sample point is recorded in the software as a georeferenced drill hole with depths to each 

unit contact encountered. Isosurfaces were produced for each unit boundary using a 

minimum curvature model to interpolate between boreholes. 3D visualization of the 

subsurface was then produced by populating the area between isosurfaces with 40 m3 

voxels (three dimensional pixels). The dimensions of these voxels determine the 

resolution of the resulting visualization with smaller voxels yielding finer resolution. 

However, the use of small voxels (< 30 m3) may exceed the sampling density of the 

minimum curvature method and yield anomalous stratigraphic associations. Initial 

modeling employs 40 m3 voxels which are fine enough to capture the complexity of 

lenticular carbonate soils and lake margin deposits but do not exceed sampling resolution. 

http://www.seequent.com/products-solutions/geosoft-
http://www.seequent.com/products-solutions/geosoft-
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CHAPTER THREE 

Results 

Pedosedimentary Facies for Monahans Eolian Sediments 

Five distinct pedosedimentary facies (A, B, C, D, and E) were defined to better 

characterize the sedimentologic and the pedogenic variability exposed in stratigraphic 

sections and the Geoprobe cores (Table 1). These facies are the basis for defining 

depositional sequences and to infer paleoenvironments. Facies are defined by the 

associated granulometry, bedforms, contact between units, and pedogenic horizons (eg. 

Bs, Bw, Bt, and Bk). Facies A is an entirely massive, orange to yellowish-brown, well- 

sorted medium to fine sand (Table 1). This facies is rarely pedogenically modified by 

weak argillic morphologies. Facies A is associated with eolian reworking of the 

Blackwater Draw Formation (Holiday 1989, Holiday and Gustavason, 1999, Holiday, 

2001). Facies B, another eolian sediment is often coarser than Facies A, composed of 

yellow to grey very well sorted fine to medium sand with <10% silt. This facies is 

predominantly massive but unlike A, exhibits millimeter to centimeter bedding in some 

places. Facies B reflects primary eolian sands, associated with dune movement. Facies C 

is expressed as a moderately-well to poorly sorted silty sand to sandy silt deposit with 15- 

55% silt and up to 15% clay (Table 1). Facies C is massive and yellowish-brown in color 

although secondary rubification associated with groundwater is common. Facies C is a 

distinct, if rarely observed pedosedimentary facies associated with interdunal 

environments. Facies D is a poorly sorted light yellow to white silty sand to sandy loam. 
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10 cm 

This facies (D) (Table 1) is distinctly lighter in color with intercalated moderate to 

well-developed calcareous soils (Bk) often with well-developed carbonate morphologies 

(stage 2-4) with common filaments, nodules and induration in some places. This Facies is 

associated with more surface moisture, reduction in eolian activity and stable and 

relatively landscape conditions. Facies E is a light brown to yellow moderately well- 

sorted silty sand to sandy silt. Facies E is notable for the presence of incipient ped soil 

structure illuviated clays, upward fining sequences, and other pedogenic features 

associated with Bw, Bs, and Bt soil horizonation. This pedo-sedimentary complex is 

associated with prolonged landscape stability. The upper contacts of this facies is often 

rubified with argillic soils and are abruptly truncated indicating sequentially subaerial 

exposure, landform stabilization, and subsequent erosion. 

Examples of this facies in some localities exhibit clay lamellae (Table 1). 

Table 1. Pedo-sedimentary facies of Monahans cores 

Fascies Core Photo Texture 
Sedimentary 
Structure 

Associated Soil 
Horizonation 

Depositional 
Environment/Processes 

Well-sorted 
orange to 

A yellowish-brown 
medium sand to 
silty sand 

Massive C, N/A 
Eolian reworking of 
Blackwater Draw 
Sediments 

B 

10 cm 

Very well-sorted 
Primary Eolian Sand, 

light yellow to Massive to finely C, N/A associated with dune 
grey fine to bedded movement medium sand 

Moderately well 
to poorly-sorted 

C 
silty sand to 

 

Massive with Fe 
staining 

Bw, Bt Interdunal deposition 

sandy silt 

Poorly sorted 
D 

light yellow to 
white silty sand 
to sandy loam 

E 
Moderately well- 
sorted silty sand 
to sandy silt 

Stage 2 to 4 

carbonate with 
common nodules 
to induration 
Massive, 
pedogenic features 
including clay 
illuviation, upward 

Bk 

Bw, Bs, Bt 

Pedo-sedimentary 

complex associated with 
wet conditions 

Pedo-sedimentary 
complex associated with 
prolonged stability 

fining sequences 
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Logs of Sonic Borings 

The exploratory 

sampling for this study 

involved the collection of 

eighty-four sonic borings 

(Fig. 3). which were logged 

at ~1.5 m intervals and at 

observed changes in 

lithology (Fig. 4). The 

boring data is propriety 

information from Atlas 

Sand Inc. (Austin, TX) 

Figure 3. Locations of Sonic Boreholes collected in the 

Monahans dune field. Borehole locations marked in 

blue. 

provided gratis for this research as part as cooperative research agreement. These borings 

were most concentrated in the topographically high region in the center of the study area, 

with active barchanoid dunes. Several borings were also taken from the peripheral sand 

sheet to the west and east but more widely spaced than borings from the active dune 

system (Fig. 3). Those borings which extend > ~35 m depth often retrieve a basal deposit 

of a clay-rich red alluvial deposit with pedogenic carbonate and clastic material. The 

upper surface of this unit is shallower in the northeast with an apparent dip to the 

southwest. Above this contact, the borings reveal the Blackwater Formation (BDF) of 

eolian sediment with variations in color and texture associated with pedogenesis 

(Gustavson et al., 1991., Gustavson and Holliday, 1999). The borings west of the active 

dune field encounter two forms of carbonate: moderate to well-developed carbonate 
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paleosols (Stage II-IV) which is 

observed elsewhere in the study 

area, and an indurated cohesive 

deposit which in part correlates 

with palustrine beds exposed in 

a nearby quarry (Wiest et al., 

2020). There appears to be a 

topographic inversion in which 

the BDF infills into an elongate 

northwest to southeast trending 

slope and depression, resulting in 

the highest dunes on the surface. 

However, this and other spatial interpolations are better defined through 3D modeling of 

borehole data. 

Geoprobe Sediment Cores 

Using the preliminary trends observed in sonic boring logs along with near- 

surface geological features, Geoprobe cores collected were organized into three broad 

field context. The first field area (A) is a pronounced topographic high associated with 

currently active dunes, interdunal depressions, and poorly vegetated barchanoid ridge 

dune forms (Fig. 5). Field area B to the northeast is currently topographically lower than 

A, however the basal alluvium is at its shallowest depth potentially indicating a paleo 

high. This area closest to the High Plains Escarpment with a moderately vegetated sand 

Figure 4. Log of cuttings collected from Sonic 

Borehole AT2-17-1. The log describes color, 

texture, and moisture of sediments with recorded 

depths of diagnostic changes. 
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sheet and parabolic dune forms. The final field area (C) is composed of sand sheets and 

parabolic dunes to the west of the dune mass and was distinguished by near-surface 

meters-thick carbonate lithologies observable in bore logs, Geoprobe cores, and exposed 

by gravel mining. Ages constraining depositional units were collected by OSL and TT- 

OSL under SAR protocols (Table 2.) 
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Table 2: Optically stimulated luminescence (OSL) ages on quartz grains from geoprobe cores and outcrop in the Monahans dune field 

MON17-1B 68 BG4591 41/42 250-150 1.00± 0.09 35 ± 4 0.34 ± 0.01 0.94 ± 0.01 0.18 ± 0.01 5 ± 2 0.191 ± 0.019 0.50 ± 0.02 2010 ± 210 

MON17-1C 20 BG4592 32/34 250-150 0.98 ± 0.05 20 ± 3 0.48 ± 0.01 1.54 ± 0.01 0.30 ± 0.01 5 ± 2 0.176 ± 0.018 0.66 ± 0.03 3535 ± 175 

MON17-1D 10 BG4593 33/35 250-150 7.00 ± 0.30 21 ± 3 0.47 ± 0.01 1.33 ± 0.01 0.23 ± 0.01 10 ± 2 0.149 ± 0.015 0.55 ± 0.03 12,765 ± 870 

MON17-1D 72 BG4769 33/35 355-250 9.37 ± 0.36 24 ± 2 0.38 ± 0.01 1.08 ± 0.01 0.31 ± 0.01 10 ± 2 0.147 ± 0.015 0.51 ± 0.03 18,300 ± 930 

MON17-1F 15 BG4594 35/35 250-150 21.08 ± 1.04 20 ± 2 0.40 ± 0.01 1.09 ± 0.01 0.21 ± 0.01 10 ± 2 0.115 ± 0.011 0.46 ± 0.03 45,365 ± 3320 

MON17-1F 96 BG4595 27/30 250-150 58.47 ± 2.70 21 ± 3 0.49 ± 0.01 1.17 ± 0.01 0.34 ± 0.01 15 ± 5 0.112 ± 0.011 0.56 ± 0.02 103,960 ± 6240 

MON17-1F 96 BG4595T 

T 

32/35 250-150 54.25 ± 2.71 17 ± 3 0.49 ± 0.01 1.17 ± 0.01 0.34 ± 0.01 15 ± 5 0.112 ± 0.011 0.56 ± 0.02 96,450 ± 6080 

MON17-IG 56 BG4596 30/35 250-150 106.32 ± 4.12 18 ± 3 0.38 ± 0.01 1.08 ± 0.01 0.21 ± 0.01 15 ± 5 0.103 ± 0.010 0.43 ± 0.02 245,610 ± 

13,510 

MON17-IG 56 BG4596T 

T 
15/17 250-150 00.87 ± 18.0 24 ± 5 0.38 ± 0.01 1.08 ± 0.01 0.21 ± 0.01 15 ± 5 0.103 ± 0.010 0.43 ± 0.02 241,820 ± 

18,970 

MON17-2A 40 BG4671 27/30 250-150 0.060 ± 0.010 58 ± 11 0.32 ± 0.01 0.81 ± 0.01 0.62 ± 0.01 3 ± 1 0.244 ± 0.024 0.97 ± 0.03 60 ± 10 

MON17-2E 30 BG4714 37/45 250-150 0.36 ± 0.02 23 ± 3 0.44 ± 0.01 0.92 ± 0.01 0.22 ± 0.01 7 ± 2 0.207 ± 0.021 0.56 ± 0.03 640 ± 35 

MON17-2D 15 BG4696 38/40 250-150 2.59 ± 0.12 17 ± 2 0.42 ± 0.01 1.20 ± 0.01 0.28 ± 0.01 10 ± 3 0.158 ± 0.016 0.53 ± 0.03 4925 ± 275 

MON17-2E 30 BG4672 38/40 250-150 5.93 ± 0.010 13 ± 2 0.49 ± 0.01 1.43 ± 0.01 0.26 ± 0.01 10 ± 3 0.136 ± 0.014 0.53 ± 0.03 11,080 ± 785 

MON17-2F 10 BG4673 35/39 250-150 32.96 ± 1.61 19 ± 2 0.54 ± 0.01 2.76 ± 0.01 0.25 ± 0.01 10 ± 3 0.1222 ± 0.012 0.62 ± 

0.03 

52,875 ± 3690 

MON17-2F 78 BG4715 40/45 250-150 23.26 ± 1.09 19 ± 2 0.35 ± 0.01 0.97± 0.01 0.14 ± 0.01 10 ± 3 0.113 ± 0.011 0.37 ± 0.02 62,760 ± 3870 

MON17-2H 68 BG4674 39/40 250-150 36.44 ± 1.27 17 ± 2 0.56 ± 0.01 1.58 ± 0.01 0.28 ± 0.01 10 ± 3 0.091 ± 0.009 0.55 ± 0.03 66,865 ± 4475 

MON17-3B 70 BG4559 32/34 250-150 13.92 ± 0.58 12 ± 3 0.51 ± 0.01 1.35 ± 0.01 0.26 ± 0.01 5 ± 2 0.183 ± 0.018 0.59 ± 0.03 23,365 ± 1570 

MON17-3D 60 BG4561 29/35 250-150 25.76 ± 1.17 22 ± 3 0.32 ± 0.01 0.92 ± 0.01 0.17 ± 0.01 10 ± 2 0.138 ± 0.014 0.42 ± 0.03 61,260 ± 4020 

MON17-3E 70 BG4679 39/40 250-150 33.76 ± 1.43 24 ± 3 0.51 ± 0.01 1.17 ± 0.01 0.30 ± 0.01 15 ± 5 0.130 ± 0.013 0.55 ± 0.03 61,200 ± 3840 

MON17-3F 93 BG4563T 

T 
19/20 250-150 15.68 ± 17.0 15 ± 3 0.58 ± 0.01 4.45 ± 0.01 0.58 ± 0.01 15 ± 5 0.113 ± 0.011 0.89 ± 0.04 464,530 ± 

29,810 

MON17-4C 82 BG4688 36/40 355-250 0.26 ± 0.04 55 ± 7 0.26 ± 0.01 0.72 ± 0.01 0.11 ± 0.01 10 ± 3 0.166 ± 0.016 0.35 ± 0.03 720 ± 110 

MON17-5A 35 BG4685 31/39 250-150 1.44 ± 0.08 24 ± 3 0.70 ± 0.01 0.72 ± 0.01 0.20 ± 0.01 5 ± 2 0.254 ± 0.025 0.61 ± 0.03 2350 ± 140 

MON17-5B-70 BG4686 34/40 250-150 8.17 ± 0.46 25 ± 3 0.59 ± 0.01 1.27 ± 0.01 0.32 ± 0.01 10 ± 3 0.19 ± 0.02  0.61 ± 
0.03 

13,025 ± 855 
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Table 2: Optically stimulated luminescence (OSL) ages on quartz grains from geoprobe cores and outcrop in the Monahans dune field “continued” 

MON17-5H 60 BG4684 27/30 250-150 >200 NA 0.81 ± 0.01 1.88 ± 0.01 0.32 ± 0.01 10 ± 3 0.089 ± 0.009 0.65 ± 0.03 307,430 ± 
23,320 

MON17-6E 90 BG4626 32/35 250-150 0.19 ± 0.01 50 ± 7 0.21 ± 0.01 0.63 ± 0.01 0.22 ± 0.01 5 ± 2 0.126 ± 0.13 0.39 ± 0.03 470 ± 20 

MON17-7A 

100 

BG4508 72/73 250-150 4.93 ± 0.66 37 ± 3 0.81 ± 0.01 2.47 ± 0.01 0.77 ± 0.01 5 ± 2 0.214 ± 0.021 1.15 ± 0.03 4280 ± 480 

MON17-7F 75 BG4510 44321 250-150 >210 NA 0.56 ± 0.01 1.98 ± 0.01 0.39 ± 0.01 10 ± 2 0.079 ± 0.008 0.65 ± 0.04 >320,000

MON17-7F 75 BG4510T 

T 

19/20 250-150 00.52 ± 19.8 18 ± 4 0.53 ± 0.01 1.98 ± 0.01 0.39 ± 0.01 15 ± 5 0.102 ± 0.010 0.65 ± 0.02 616,950 ± 

43,380 

MON17-7G 70 BG4517 35/35 250-150 >210 NA 0.56 ± 0.01 1.99 ± 0.01 0.27 ± 0.01 15 ± 5 0.075 ± 0.007 0.59 ± 0.03 >300,000

MON17-7H 57 BG4500 26/35 250-150 >161 NA 0.53 ± 0.01 2.01 ± 0.01 0.51 ± 0.01 15 ± 5 0.090 ± 0.009 0.67 ± 0.03 >240,000

MON17-8A 65 BG4491 34/35 250-150 11.97 ± 0.50 21 ± 3 0.52 ± 0.01 1.49 ± 0.01 0.27 ± 0.01 7 ± 2 0.208 ± 0.021 0.63 ± 0.02 19,280 ± 935 

MON17-8B 50 BG4490 33/35 250-150 14.42 ± 0.48 15 ± 2 0.52 ± 0.01 1.49 ± 0.01 0.27 ± 0.01 10 ± 2 0.175 ± 0.016 0.60 ± 0.02 24,110 ± 995 

MON17-8C 70 BG4492 33/35 250-150 12.86 ± 0.64 20 ± 3 0.39 ± 0.01 1.29 ± 0.01 0.19 ± 0.01 10 ± 2 0.166 ± 0.015 0.49 ± 0.01 26,010 ± 1450 

MON17-8E 70 BG4501 33/35 250-150 15.93 ± 0.81 22 ± 3 0.35 ± 0.01 0.90 ± 0.01 0.17 ± 0.01 10 ± 2 0.123 ± 0.012 0.42 ± 0.01 45,525 ± 2440 

MON17-8F 70 BG4502 33/35 250-150 22.61 ± 0.90 19 ± 2 0.36 ± 0.01 0.98 ± 0.01 0.24 ± 0.01 10 ± 2 0.115 ± 0.011 0.42 ± 0.01 53,280 ± 2520 

MON17-8G 70 BG4515 33/35 250-150 38.46 ± 1.39 17 ± 2 0.54 ± 0.01 1.46 ± 0.01 0.46 ± 0.01 15 ± 5 0.104 ± 0.010 0.68 ± 0.01 56,560 ± 3390 

MON17-8G 70 BG4515T 

T 

37/50 250-150 41.04 ± 2.01 25 ± 4 0.54 ± 0.01 1.46 ± 0.01 0.46 ± 0.01 15 ± 5 0.104 ± 0.010 0.68 ± 0.01 60,350 ± 4220 

MON17-8H 40 BG4503 30/35 250-150 >162 NA 0.61 ± 0.01 2.20 ± 0.01 0.40 ± 0.01 10 ± 2 0.094 ± 0.009 0.67 ± 0.01 >235,000

MON17-8I 6 BG4571 21/23 250-150 >230 NA 0.65 ± 0.01 3.75 ± 0.01 0.63 ± 0.01 15 ± 5 0.091± 0.009 0.88 ± 0.04 >260,000

MON17-8I 6 BG4571T 

T 
27/31 250-150 39.22 ± 16.6 24 ± 3 0.65 ± 0.01 3.75 ± 0.01 0.63 ± 0.01 15 ± 5 0.091 ± 0.009 0.88 ± 0.04 379,600 ± 

26,780 

MON18-12A 

25 

BG4707 20/45 250-150 <0.02 NA 0.24 ± 0.01 0.61 ± 0.01 0.14 ± 0.01 5 ± 2 0.258 ± 0.026 0.46 ± 0.03 <40 

MON18-12B 

20 

BG4708 40/45 250-150 0.29 ± 0.02 36 ± 5 0.26 ± 0.01 0.75 ± 0.01 0.15 ± 0.01 7 ± 2 0.206 ± 0.021 0.42 ± 0.02 675 ± 55 

MON18-12C 

55 

BG4709 35/40 250-150 0.29 ± 0.03 35 ± 5 0.28 ± 0.01 0.72 ± 0.01 0.18 ± 0.01 10 ± 2 0.177 ± 0.018 0.44 ± 0.02 660 ± 65 

MON18-12C 

55 
BG4710 45/59 250-150 19.72 ± 0.93 22 ± 2 0.28 ± 0.01 0.71 ± 0.01 0.35 ± 0.01 10 ± 2 0.163 ± 0.016 0.57 ± 0.02 34,470 ± 1695 
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Table 2: Optically stimulated luminescence (OSL) ages on quartz grains from geoprobe cores and outcrop in the Monahans dune field “continued” 

MON18-13A 

22 
BG4703 24/36 250-150 0.03 ± 0.01 131 ± 

43 

0.25 ± 

0.01 

0.91 ± 

0.01 

0.17 ± 0.01 5 ± 2 0.256 ± 

0.026 

0.50 ± 

0.02 

55 ± 15 

MON18-13A 

50 
BG4720 31/47 250-150 0.30 ± 0.01 22 ± 4 0.25 ± 

0.01 

0.63 ± 

0.01 

0.08 ± 0.01 5 ± 2 0.217 ± 

0.022 

0.39 ± 

0.02 

770 ± 60 

MON18-13E 
45 

BG4704 51/55 250-150 0.44 ± 0.04 75 ± 8 0.34 ± 
0.01 

1.01 ± 
0.01 

0.24 ± 0.01 10 ± 
2 

0.133 ± 
0.013 

0.49 ± 
0.02 

895 ± 85 

MON18-13F 70 BG4705 33/39 250-150 69.48 ± 6.46 18 ± 3 0.53 ± 
0.01 

1.86 ± 
0.01 

0.34 ± 0.01 15 ± 
5 

0.114 ± 
0.011 

0.59 ± 
0.02 

287,060 ± 
14,580 

MON18-14B 

25 
BG4744 35/51 355-250 <0.01 NA 0.46 ± 

0.01 

0.59 ± 

0.01 

0.06 ± 0.01 5 ± 2 0.205 ± 

0.021 

0.38 ± 

0.01 

<20 

MON18-14C 

15 
BG4751 32/40 355-250 20.46 ± 

0.82 

19 ± 3 1.01 ± 

0.01 

1.31 ± 

0.01 

0.24 ± 0.01 10 ± 

2 

0.179 ± 

0.018 

0.67 ± 

0.02 

30,560 ± 1440 

MON18-14D 

75 
BG4743 37/39 355-250 34.16 ± 

1.60 
18 ± 2 0.65 ± 

0.01 

1.09 ± 

0.01 
0.19 ± 0.01 10 ± 

2 

0.146 ± 

0.015 

0.51 ± 

0.02 
67,300 ± 3850 

MON18-17A 

60 
BG4697 39/40 250-150 3.90 ± 0.01 19 ± 2 0.51 ± 

0.01 

1.41 ± 

0.01 

0.39 ± 0.01 7 ± 2 0.215 ± 

0.022 

0.71 ± 

0.02 

5480 ± 290 

MON18-17B 

55 
BG4653 39/40 250-150 9.65 ± 0.01 23 ± 3 0.80 ± 

0.01 

2.02 ± 

0.01 

0.56 ± 0.01 10 ± 

2 

0.196 ± 

0.020 

0.98 ± 

0.02 

9840 ± 480 

MON18-17D 

07 
BG4654 39/40 250-150 45.68 ± 

2.00 

24 ± 3 0.48 ± 

0.01 

1.16 ± 

0.01 

0.52 ± 0.01 15 ± 

5 

0.158 ± 

0.016 

0.68 ± 

0.03 

66,800 ± 4110 

MON18-17E 

05 
BG4648 35/40 250-150 14.17 ± 4.57 20 ± 3 0.42 ± 

0.01 

1.17 ± 

0.01 

0.34 ± 0.01 15 ± 

5 

0.137 ± 

0.014 

0.57 ± 

0.02 

192,390 ± 

11,790 

MON18-17E 

05 

BG4648T 

T 

22/23 250-150 07.72 ± 5.79 20 ± 3 0.42 ± 

0.01 

1.17 ± 

0.01 

0.34 ± 0.01 15 ± 

5 

0.137 ± 

0.014 

0.57 ± 

0.02 

187,400 ± 

12,500 

MON18-17F 07 BG4647 37/40 250-150 >160 NA 1.01 ± 

0.01 

1.31 ± 

0.01 

2.06 ± 0.01 15 ± 

5 

0.124 ± 

0.012 

0.71 ± 

0.02 

>220,000 

MON18-17F 85 BG4646 20/44 250-150 >150 NA 0.98 ± 

0.01 

3.69 ± 

0.01 

0.75 ± 0.01 15 ± 

5 

0.112 ± 

0.011 

1.05 ± 

0.03 

>150,000 

MON18-17F 85 BG4646T 

T 
22/23 250-150 66.63 ± 

17.2 
20 ± 5 0.98 ± 

0.01 

3.69 ± 

0.01 
0.75 ± 0.01 15 ± 

5 

0.112 ± 

0.011 

1.05 ± 

0.03 
254,750 ± 

21,170 

MON19-30-B7 BG4994 36/38 250-150 9 ± 0.86 33 ± 4 0.38 ± 
0.01 

1.11 ± 
0.01 

0.27 ± 0.01 5 ± 3 0.13 ± 0.01 0.5 ± 0.02 18,125 ± 1,815 

MON19-30- 

D40 

BG4993 37/50 250-150 100 ± 4.99 19 ± 3 0.59 ± 

0.01 

1.71 ± 

0.01 

0.54 ± 0.01 15 ± 

5 

0.16 ± 0.02 0.76 ± 

0.03 

132,430 ± 

8,860 

MON19-30- 

F75 

BG4995T 

T 

15/16 250-150 84.46 ± 
7.93 

45 ± 9 0.49 ± 

0.01 

1.49 ± 

0.01 

0.31 ± 0.01 30 ± 
5 

0.20 ± 0.02 0.44 ± 

0.02 

273,960 ± 
19,760 

MON19-30- 

L120 

BG4998T 

T 
5/19 250-150 30.19 ± 

10.6 
6 ± 5 0.78 ± 

0.01 

2.37 ± 

0.01 
0.62 ± 0.01 10 ± 

5 
0.05 ± 0.02 0.81 ± 

0.03 
525,590 ± 

37,970 
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Table 2: Optically stimulated luminescence (OSL) ages on quartz grains from geoprobe cores and outcrop in the Monahans dune field “continued” 

aAliquots used in equivalent dose calculations versus original aliquots measured. 
bEquivalent dose calculated on a pure quartz fraction with about 40-100 grains/aliquot and analyzed under blue-light excitation (470 ± 20 nm) 

by single aliquot regeneration protocols (Murray and Wintle, 2003). The central age model of Galbraith et al. (1999) was used to calculated equivalent dose when 

overdispersion 
values are <25% (at one sigma errors; a finite mixture model was used with overdispersion values >25% to determine the youngest equivalent dose population. 

cValues reflects precision beyond instrumental errors; values of ≤ 25% (at 1 sigma limit) indicate low dispersion in equivalent dose values and an unimodal 
distribution. 
dU, Th and K content analyzed by inductively-coupled plasma-mass spectrometry analyzed by ALS Laboratories, Reno, NV; U content includes Rb equivalent. 

includes also a cosmic dose rate calculated from parameters in Prescott and Hutton (1994). 
eSystematic and random errors calculated in a quadrature with 1000 Monte Carlo simulations and at one standard deviation. Datum year is AD 2010. 

After Tew-Todd et al., 2020 
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Field Area A 

Field Area A is defined by its elevation which is up to 25 m above the 

neighboring sand sheet. This area constitutes the active dune field in the Monahans eolian 

system, and is characterized by little vegetation cover, often < 10%. The eolian surface is 

composed of predominantly barchanoid, and transverse dune forms oriented 

perpendicular to the southeast wind which predominates in the summer months 

(Machenberg, 1984). Interdunal depressions, topographically lower by 5 to 20 m then 

dune crests, appear to be areas of deflation and net erosion, often with a coarser sand lag. 

Interdune deflation areas often exposed more cohesive sediments of reddish Facies A 

type, or wet areas, often with vegetation, indicating a near surface water table. Field 

region A contains the thickest deposits of active to most recent (< 2 ka old) eolian 

deposition. Geoprobe cores across all three regions were collected to the maximum depth 

achieved often limited by the hardness and cohesion of sediments at depths > 10 m. 

However, in region A coring depth was limited by a high-water table, artesian pressure 

which often resulted in liquefaction of sands with coring and poor recovery. 

Cores in area A reveal the youngest evidence (< 1 ka) for eolian deposition with 

surprisingly considerably older sediments ca. 30 to 300 ka old beneath (Fig 5). The 

deepest and oldest aeolian sediment retrieved in core MON18-13 (unit 1) was a fine and 

well sorted Facies B type-sediment that yielded an OSL age of 287,060 ± 14,580 

(BG4705). The uppermost 0.80 m of this unit (1) has been extensively pedogenically 

modified with significant rubification and common lamellae that were truncated 

subsequently (Figure 5). Overlying this oldest sediment is coarser-grain facies B type- 

sediment (unit 2) with millimeter-scale bedding at the base. This upper unit 2 exceeds 5 
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m thickness and yielded OSL ages near the bottom and top of 895 ± 85 (BG4704) and 

920 ± 55 yr (BG4704), respectively, with the most recent sand (unit 3) 30 cm from the 

Figure 5. Stratigraphy of geoprobe cores collected from field area A with core 

locations inset. 

surface returning an OSL age of 55 ± 15 yr (BG4703). In Area A eolian sand that spans 

the past 1 ka are found in all cores, though in cores MON18-12 and MON18-14 have 

sediment that is < 40 yr old, indicating contemporary eolian activity. 

The number of facies in Core MON18-12 is a notable exception for cores in 

area A. This core at depth (unit 1) exhibits a fine-grained variant of Facies E with 

considerable translocation of silt and clay in the upper 1 m, distinct rubificationon, and 

truncation at unit upper boundary. OSL ages on quartz grains from eolian sediment 

below pedogenic 
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modification of 52,840 ± 3260 (BG4711) and from the overlying unit 2 of 34,470 ±1695 

(BG4710) indicates a maximum period of pedogenesis of ca. 19 ka. A unique discovery 

is the occurrence of Facies C, possibly a clay rich interdunal pond deposit in the base of 

MON17-4, which is > 720 yr old. 

Field Area B 

Field Area B is located to the northwest of A and is dominated at the surface by a 

moderately vegetated sand sheets (Fig. 6). Initial exploration via sonic borings reveal 

complex series of carbonate paleosols, and a shallower depth to the alluvial basement than 

in area A. Five Geoprobe cores were recovered from this region between 9 and 19 m long. 

Cores in Area B include well-developed carbonate paleosols indicative of 

prolonged periods of stability buried by 5 to 10 m of eolian sands. The only core in this 

region to penetrate deeper than 9 m was MON19-30 with nearly full recover to nearly 19 

m. The deepest units of this core are composed of a Facies E silty sand overlain by

massive facies B material which yielded a TT-OSL age of 554,420 ± 40,340 yr 

(BG4997TT). Most cores show >1 m thick carbonate-rich Facies D of pedogenic origin 

(Fig. 6). Luminescence ages on eolian sediment beneath these soils and above indicate 

varying periods of landscape stability. This complex series of Facies D units are overlain 

by 6 to 10 m of eolian sand. The oldest of these units is found in core MON17-8 where a 

fine-grained Facies E sandy silt yielded a TT-OSL age of 379,600 ± 26,780 (BG4571TT), 

which exhibits >1 m thick cambic horizon of and a distinct erosional upper contact. 

Above this contact is a 6 m unit of primary eolian sand with a basal age of 64,270 ± 

4,050 (BG4515TT). Corollary units are found in neighboring cores MON17-3 and 
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MON17-2 both of which have Facies B massive eolian units with basal ages of 61,200 ± 

3,840 (BG4679) and 66,870 ± 4,475 (BG4674) respectively. Rubified facies A sediment 

is abundant at the surface across region B in all cores except for core MON19-30 which 

has massive medium sands at the surface. All cores from area B are capped by a series of 

eolian units deposited in the past 70 ka; with OSL ages <1 ka for the upper 2 m of cores 

MON17-1 and MON17-2. 

Figure 6. Stratigraphy of geoprobe cores collected from field area B with core locations 

inset. 
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Field Area C 

Field Area C is distinguished by the transition from eolian depositional 

environments to near-surface palustrine deposits and compound carbonate paleosols. 

Core MON17-7 and MON19-31 both penetrate complex series of indurated facies D 

sediment into massive eolian sand dated in core MON17-7 to 515,740 ± 33,240 

(BG4524TT). Three cores include multiple carbonate-rich depositional units. OSL ages 

from these units span from 254,760 ± 21,170 (BG4646TT) to 22,750 ± 1,575 (BG4518). 

Core MON17-5 is the easternmost core in this field area which includes silty medium- 

sand facies A with two OSL ages of 307,430 ± 23,320 (BG4684) and 309,420 ± 22,100 

Figure 7. Stratigraphy of geoprobe cores and surface exposure from field area C with 

locations inset. 
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(BG4683) that overlap at 1σ while separated by 3 m of massive eolian sand. This 

field region also included a gravel quarry which exposed 5 m of section. The exposed 

deposits consisted of indurated carbonate and in places lithified limestone and chert. Four 

units were observed in this exposure, each characteristic of shallow water carbonate 

deposition (Wiest et al., 2020). These units were composed primarily of well rounded, 

likely eolian quartz, carbonate with abundant trace fossils, and evaporitic salt (Wiest et 

al., 2020). Unit 1 exposed at the base of the section is a poorly consolidated peloidal 

carbonate with approximately 30% sand and abundant rhizoliths. This basal unit has a 

TTOSL age of 334,610 ± 22,240 (Fig. 7). The nearest sonic boring is AT2-17-10 located 

0.8 km northwest of the exposed section. The total thickness of indurated carbonate 

recorded in this borehole is 9.75 m suggesting the quarry exposes approximately half of 

the palustrine sequence. The indurated carbonate observed in the quarry was also 

observed at sites MON18-18 and MON18-19 where the presence of hard carbonate 

material at the surface inhibited coring. 

3D Modeling of Monahans Subsurface Geometry 

The three data source: Sonic Borings, Geoprobe cores, and limited geophysical 

surveys were used to create a 3D model of the subsurface geometry of the Monahans 

dune field. The model interpolates amongst the stratigraphic information provided by 

these three data sources (Fig. 8). The complex depositional and pedogenic history of the 

Monahans was simplified in to four broad stratigraphic units to facilitate modeling: 1) 

The gravelly, red alluvial clay found at the base of many sonic boreholes, 2) The 

indurated palustrine carbonates of the playa lake sequence observed in the quarry and 
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Figure 9. Elevation model of the basal alluvium, 

in which the Blackwater Draw rests on with color 

graded contours in meters above mean sea level. 

borings, and 3) The eolian sand-rich 

part of the Blackwater Draw 

Formation eolian deposits 4) 

Prominent occurrences of Facies D 

with stage II-IV of pedogenic 

carbonate. 

An elevation model of 

the basal the red-clay surface, at the 

base of the Blackwater Draw 

Formation (Figs. 9 and 10) reveals a 

Figure 8. Extent of 3D modeling with data 

sources: sonic borings (red), geoprobe cores 

(yellow), geophysical survey lines (blue). 

complex paleotopography. There is a pronounced slope with > 50 m relief from the 

northeast to southwest. Also, there 

appears to be three distinct circular- 

like depressions 5-10 m deep. The 

eastern-most depression is well 

defined by intensive boreholes and 

is the mining area for sand. These 

depressions, and the subsurface 

topographic relief between the field 

areas is apparent in cross section A- 

A’ (Figs. 10 and 11). Visible in this 

figure is the southwesterly slope of the basal alluvium, the depressions in this surface in 

both areas A and C, and the distribution of Facies D carbonate soils in regions B and C. 

A' 

B 

A B 
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The model also supports field observations at sites MON18-18 and MON18-19 of 

indurated carbonate at or near the surface. The alluvium is found in the base boreholes, 

however the lack of sample 

Figure 10. Schematic cross section ABB’ of the Monahans dune field. The modeled 

pluvial lake and carbonate soil deposits represent a minimum extent. 

of the recovery from this unit limits chronologic constraint. This strata was described 

broadly as the Tertiary and Quaternary Pecos Alluvium and is part of the Cenozoic Pecos 

Alluvium Aquifer (White, 1971, Jones, 2001) In the Monahans area these units dip 

southwest and are associated with infilling of the Monument Draw Trough of the 

Dockum group (Muhs and Holliday, 2001, White, 1971, Jones, 2001). The eolian sands 

of the BWD infill depressions in this alluvial surface beginning prior to 550 ka 

(BG4997TT). The accumulation and reworking of the BWD eolian sands to form 

Holocene sand sheet and dunes continues presently. In numerous (16) intervening periods 

of landscape stability and wetter conditions as indicated by the presence of stage III-IV 
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carbonate soils and a nearby palustrine sequence. The modeled extent of these soils is a 

minimum result limited by the density of sampling. These shallow lake deposits rest on 

eolian sands that which yielded an OSL age of 334,610 ± 22,240 yr (BG4760TT). The 

stromatolite deposits at the top of this shallow water sequence gave an OSL age of 

198,660 ± 12,140 yr (BG4761TT). Proximal geoprobe cores date the overlying rubified, 

Figure 11. Cross section A-A’ of Monahans subsurface deposition presented 

with 20x vertical exaggeration. Location of cross section shown in Fig. 6. 

massive sands to 132,430 ± 8,860 yr (BG4993), yielding a minimum limiting age on 

succession of this lake phase. Near the hypothesized lake margin, it appears that 

carbonate soil horizons may intercalated with the palustrine deposits, though carbonate 

paleosols are common in the stratigraphic sequence above and below the palustrine 

horizon. Core MON19-3 in field are B contains the oldest dated carbonate at 464,530 ± 

29,810 (BG4563TT) and the youngest found in region C at 22,750 ± 1,575 (BG4518). 

The broad span of carbonate soil formation demonstrates not a single depositional 

episode, but the complex process of soil formation during multiple periods of humid 

stability through the late Quaternary. Throughout the formation of these two carbonate 

rich units, the eolian sand remains constant on the landscape, and supersedes them at the 
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surface. At the surface, the antecedent southwesterly slope and localized depressions are 

not reflected. Instead, a topographic inversion of the subsurface topography occurs with 

infilling by the thickest sands in the eastern depression and the thinnest over the 

topographic high in the northeast corner of the study area (Fig. 11). 
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CHAPTER ROUR

Discussion 

The combination of the deep reconnaissance borings and detailed study of 

shallower Geoprobe cores from the Monahans dune field yields new insights in to late 

Quaternary eolian deposition in the Pecos River basin. A paleo-DEM for the top of the 

Cenozoic Pecos Alluvium aquifer yields a reconstruction of the antecedent topography 

that was infilled with Pleistocene and Holocene eolian depositions and paleosols. The 

sonic borings revealed initial deposition of Blackwater Draw Formation that infilled 

against theslope and in subsurface depressions and thins eastward to the caprock 

escarpment (Figs. 9and 11). Geoprobe cores that sample the upper 30 to 50% of the 

stratigraphic sequence reveal the pedosedimentary depositional sequence spanning the 

past ~520 ka. A quarry exposure, borings and Geoprobe cores document pluvial lake 

deposits that appears intercalated with eolian sand deposition ca. 200 to 250 ka ago. 

The oldest strata recorded in this study is the upper surface of the Cenozoic Pecos 

Alluvium Aquifer. The sonic borings often terminated at this red, weathered, clayey 

gravel, penetrating this deposit by no more than 2 m. The boring methods prevented 

undisturbed sample recovery and thus dating. However, these boring are instrumental in 

defining the subsurface topography of the antecedent pre-Pleistocene surface, onto which 

the BWD Formation infilled. The general southwest dip of these deposits follows the dip 

of the Monument Draw Trough (Jones, 2001). Aside from this general dip, the 

concentration of borings and targeted geophysical survey-lines reveal localized 

depressions in the sub-surface (Figs. 10 and 11). These closed depressions likely reflect 
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the salt dissolution features abundant in either the Dockum Group or deeper underlying 

strata. These depressions are found underlying both the palustrine lake, and the thickest 

body of eolian sand (Fig. 11) and may have influenced overlying water tables and loci for 

deposition. These localized depressions and paleo-slope are not reflected in the present 

topography overlying the alluvial basement is the eolian BWD. Previously, the BWD has 

an inferred Pliocene to Pleistocene age of ca. 1.6 ka, with the Guaje ash providing the 

sole chronologic control of >1.61 ma (Holiday, 1989, Gustavson and Holliday, 1999, 

Izett and Obradovich, 1994). In this study the deepest eolian sand recovered yielded finite 

ages of ~550 ka (BG4997TT). The chronostratigraphy of Monahans dune field deposits 

(Fig. 12) reveal a recurring sequence of deposition of eolian sand followed by 

pedogenesis and erosion until conditions again facilitate eolian reactivation. Each of these 

observed sequences has been designated an eolian depositional phase (EDP). The oldest 

identified eolian depositional phase (EDP 1) yielded TT-OSL ages between ca. 555 and 

513 ka, which is capped by cambic paleosol in three localities. Unconformably overlying 

this paleosol is EDP 2 which is characterized by aeolian sedimentary unit dominated by a 

calcic paleosol, with one age of ca. 465 ka. The third phase is constrained by two ages at 

ca. 380 and 357 ka at its upper bound. This phase is observed in cores 8 and 31 from the 

sand sheet east and west of the active dunes and includes up to 7 m of eolian sand. The 

weakly developed Bwb soils that cap EDP 3 is followed by the only eolian deposits 

observed in both outcrop and cores. Phase 4 was deposited between ca. 335 and 308 ka 

with the older deposition observed in the quarry and two penecontemporary units in 

BWD sediments to the southeast. The oldest age of EDP 5 of ~287 ka is also the oldest 
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Figure 12. Composite chronology of the Monahans Dune Field. Depicted are eolian 

depositional phases (numbered 1-13), pluvial deposition (blue), primary facies 

encountered in geoprobe cores, and luminescence ages of eolian deposits. 
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age recorded in a core taken on the active modern dunes. The upper most aeolian 

sediment for Phase 5 is the ca. 241 ka age from aeolian sand beneath the palustrine 

complex. The pluvial deposit that overlies EDP 5 includes ~5 m of subaqueous carbonate 

deposits. This deposit extends from ca. 238 to 190 ka where it is capped by coeval 

bioassisted shallow water carbonate, and proximal pedogenic carbonate deposits in 

geoprobe core 7. EDP 6 uncomformably overlies the lake deposits and is constrained by a 

single age of ca. 132 ka. EDP 7 is found in two geoprobe cores and includes poorly 

sorted material dated to ca. 100 ka. The compound well-developed soils that cap EDP 7 

are followed by the second thickest body of primary eolian sand observed in geoprobe 

cores. EDP 8 includes concentration of ages at between 67 and 61 ka, ca. 52 ka, a single 

age at 45 ka, and ca. 40 ka. These deposits are up to 5 m thick and signify a profound 

period of eolian accumulation. EDP 9 extends from ca. 34 to 23 ka this phase is 

dominated by massive sands and is the most recent phase to include carbonate soil 

morphologies. EDP 10 is observed in 4 geoprobe cores and is characterized by more 

poorly sorted material and multiple weakly developed paleosols. EDP 11 records the first 

Holocene deposition in the Monahans with a maximum age of ca 12 ka and eolian 

deposition free of major hiatuses through 3.5 ka. A final thin accumulation >1 ka is 

observed in two cores at ca. 2.3 to 2 ka. to form the penultimate EDP 12. The most recent 

EDP is constrained by a basal age of 895 ± 85 years and is characterized by massive to 

finely bedded primary eolian sand with no evidence of pedogenic alteration or hiatus 

from then through a series of four ages in the past century. 

A finite mixture model analysis of recorded ages >1 ka yielded 11 components as 

defined within 1 sigma errors (Table 3 and Fig. 13). Each of the identified populations is 
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indicative of major eolian reactivation. A probability density function (PDF) also 

demonstrates the statistical significance of observed FMM populations (Fig. 13). The best 

constrained and most profound eolian reactivations are identified by both the FMM and 

peaks in probability (Fig. 13 and Table 3). 

Table 3. Finite mixture model 

components with associated 

errors of Monahans dune field 

luminescence ages. listed in red. 

 Age (ka)   1 a e rcorunotsr s 

520 41.4 6 

292.6 20.7 10 

196.1 11.1 2 

102.1 7.2 3 

62.5 3.8 10 

38.2 2.8 6 

22.5 1.5 7 

12.2 0.9 5 

5.2 0.3 2 

3.7 0.2 2 
2.2 0.1 2 

Periods of erosion and dune accumulation however are dominant, with dense 

populations of osl ages associated with the most pronounced of these episodes (Fig. 113 

and Table 3). A finite mixture model analysis of recorded ages >1 ka yielded 11 

components (Fig. 13 and Table 3). Seven of these components were defined by more than 

five ages. While those with fewer than five defining ages reflect depositional periods, 

those with more ages are more statistically significant. This significance, along with the 

errors associated with age define the curve of a probability density function (Figure 13) 

Figure 13. Distribution of Monahans 

Luminescence Ages. This figure plots both a 

probability density function (PDF) of all ages 

collected >1ka (blue) as well as the 11 populations 

(black line with associated errors in grey) 

identified by a finite mixture model (FMM). Each 

of the ages (n=57) is represented by a grey hash 
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which also depicts the eleven FMM component populations. This reactivation is 

associated with climate forcing. Each of the defined eolian populations appear to coincide 

during transitional periods in the oxygen isotope derived sea level record associated with 

northern latitude ice sheet extents (Spratt and Lisiecki, 2016, Lisiecki, 2005, Batchelor 

2015). The FMM derived eolian depositional periods did not occur on either maximum or 

minimum glacial extents. While the conditions for eolian accumulation was modulated 

by ice sheet extents, each population is recorded at an intermediate condition following. 

During these periods, the accumulation and southern extension of the Laurentide ice 

sheet is modeled to have altered of North American circulation and thus the transport of 

moisture into the Monahans Dunes fields, and the Great Plains as a whole (Bolles and 

Forman, 2018, Forman et al., 2001, Halfen and Johnson, 2013, Donat et al., 2015). 

Conclusions 

This study presents stratigraphic, pedosedimentary, and chronologic observations 

to advance the study of late Quaternary eolian deposition in the Monahans dune system. 

Data from 81 deep sonic borings and 5 passive seismic transects were employed to create 

a 3D visualization of the surface of Cenozoic Pecos Alluvium deposits upon which BWD 

eolian sediments accumulated. These data, along with geoprobe cores and a surface 

exposure record a palustrine lake sequence. Finite age constraints on this MOIS 7 

aqueous system was provided by use of OSL and TT-OSL dating under SAR protocols. 

Luminescence dating of in-tact sediment cores documents 13 identified eolian 

depositional phases in the region since ~554 ka. OSL and TT-OSL data supplement the 
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existing record of luminescence and radiocarbon ages which were limited to strata 

exposed at or near the surface. 

This chronostratigraphic analysis indicates the initiation of eolian deposition at 

climate transitions. One well documented period of dune accretion is from glacial to 

interglacials for the late Pleistocene through the Holocene, ca. 23 to 3 ka. In turn, there 

was pronounced eolian deposition from the transition from the last interglacial (sensu 

lato) ca. 70 ka to 45 ka with glacial like conditions. There are older periods of eolian 

deposition at ca. 287 to 250 ka, 380 to335 ka, and 525 to 513 ka. A shallow playa-like 

lake formed adjacent to the Monahans dune field ca. 240-200 ka and episodes of 

pedogenesis are mostly confined during glacials, with ice sheet induced southern 

displacement of a merged subtropical-polar jet streams (e.g., Benson et al., 2003; Oviatt 

et al., 2003; Adams et al., 2008; Patrickson et al., 2010; Schmidt, 2011; Nelson and 

Jewell, 2015; Thompson et al., 2016; McGee, 2020). 

This study follows work across the Great Plains which hypothesize a correlation 

between eolian reactivation events and climate forcing. The high-resolution stratigraphy 

and chronology collected through this study build towards extending this work into the 

Monahans Dune System. The data presented here represents the groundwork for future 

studies of chronology, hydrology, and stratigraphy in the Monahans which aim to 

improve our understanding of the system and develop the Monahans depositional record 

into a robust paleoclimate proxy record for the late Quaternary in the Southern High 

Plains. 
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Appendix A 

Figures and Tables 

Figure A.1. Stratigraphy of geoprobe core MON17-1 Figure A.2. Stratigraphy of geoprobe core MON17-2 
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Figure A.5. Stratigraphy of geoprobe core MON17-6 Figure A.6. Stratigraphy of geoprobe core MON17-7 
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Figure A.7. Stratigraphy of geoprobe core MON17-8 Figure A.8. Stratigraphy of geoprobe core MON18-12
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Figure A.9. Stratigraphy of geoprobe core MON18-13 Figure A.10. Stratigraphy of geoprobe core MON18-14 
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Figure A.11. Stratigraphy of geoprobe core MON18-17 Figure A.12. Stratigraphy of geoprobe core MON18-30 
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Figure A.13. Stratigraphy of geoprobe core MON19-31 
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