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ABSTRACT 

   

 Isolating the climatic mechanisms driving Holocene geomorphic change and 

deciphering the role of landscape change in prehistoric cultural processes both require well-

dated and relatively continuous alluvial chronologies. This study presents a centennial-scale, 

latest Pleistocene and Holocene chronology based on alluvial fan, floodplain, groundwater-

discharge, and volcanic deposits for the Carrizo Wash watershed, a Little Colorado River 

headwater drainage on the southeastern Colorado Plateau. More than 200 radiocarbon dates 

provide chronometric control. The age of Zuni Salt Lake volcanic eruptions was re-evaluated 

using radiocarbon and luminescence dating. Two eruptive phases ~13.3 ka and ~11.8 ka 

suggest closely spaced, monogenetic events. These terminal Pleistocene ages for the 

eruptions are significantly younger and substantially more precise than previous argon 

method ages. Sediment exposed in modern arroyos is dominated by middle Holocene (~7.1–

4.9 ka) alluvium in valley contexts, whereas piedmont alluvium dates primarily to the late 

Holocene (~4.3–2.7 ka). Extensive prehistoric channel entrenchment occurred ~4.9 and 0.8 

ka. Localized incision occurred ~1.9 and 1.2 ka, and possibly ~7.5 and 2.7 ka. Extended 

drought typically preceded arroyo cutting, and entrenchment was associated with increased 

climate variability, major shifts in precipitation amount or seasonality, and reduced flooding. 

Accelerated valley and piedmont aggradation appears related to increased flooding and 

runoff associated with reduced vegetation cover during periods of low effective moisture 

resulting from enhanced North American Monsoon circulation and weak ENSO conditions. 

Conversely, slow or stalled deposition appears connected to reduced flooding and runoff 

fostered by denser vegetation during times of increased effective moisture caused by 
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enhanced El Niños and increased winter precipitation. Ground-water discharge deposits at 

Cienega Amarilla indicate that spring discharge was greatest and water tables most elevated 

~2.3–1.6 ka. Spring discharge appears to reflect variations in El Niño frequency and intensity 

and the resultant variations in winter precipitation. Study results suggest that predicted 

increased drought and enhanced or delayed monsoons associated with modern climate 

change could initiate accelerated erosion of upland areas and increased flooding in southern 

Colorado Plateau headwater tributaries. Archaeological implications include temporal biases 

associated with surface site distributions and changing viability of floodwater and water-table 

farming over time.  
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CHAPTER 1: INTRODUCTION 

Statement	  of	  problem	  

Studies examining how geomorphic systems in arid regions responded to past climate 

variation have generally focused on glacial–interglacial-scale change during the Pleistocene–

Holocene transition. An increasing number of recent studies, however, have looked at 

geomorphic response to more subtle shifts during the Holocene, especially as the pertinence 

of such studies to mitigating the geomorphic consequences of future climate change is 

increasingly recognized (McFadden and McAuliffe, 1997; Miller et al., 2010).  

In arid and semiarid regions of the southwestern U.S., sediment transport is usually 

water limited. As a result, changes in precipitation—including the variability, seasonality, 

intensity, and areal extent of storms—can affect surface runoff, sediment yield, flood 

frequency and magnitude, and groundwater recharge thereby greatly influencing geomorphic 

processes on hillslopes, piedmonts (alluvial fans), and valleys. Many studies (e.g., Bull, 

1991; McFadden and McAuliffe, 1997) have underscored the important role of watershed 

lithology in terms of how bedrock weatherability determines whether hillslope sediment 

supply is relatively constant or cyclical. Similarly, vegetation changes in response to climatic 

shifts are usually invoked as a critical dependent variable in the geomorphic response models 

resulting from these studies (Bull, 1991). 

Broad similarities of Holocene alluvial records across much of the American 

Southwest, especially in terms of the timing of past arroyo-cutting episodes, suggest that 

regional climate change was a major controlling factor on alluvial cycles and associated 
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landscape change (Waters and Haynes, 2001). Despite these similarities, the handful of 

Holocene climatic geomorphology studies conducted in the southwestern U.S. in recent years 

have resulted in inconsistent findings (e.g., McFadden and McAuliffe, 1997; Mann and 

Meltzer, 2007; Bacon et al., 2010; Miller et al., 2010). These inconsistencies may be the 

result of regional or local variation in bedrock, vegetation, topography, climate history, or 

numerous other factors including inaccurately or inadequately dated alluvial sequences. 

Although some progress has been made, how alluvial cycles and geomorphic change relate to 

climate change/variability and associated changes in flood regimes remains poorly 

understood. More detailed studies of geomorphic response to climate change are needed in a 

variety of geologic settings to provide the basis of more generalized and comprehensive 

process-response models.  

Prehistoric cultural systems are inherently connected to climate and geomorphology, 

but limitations in our understanding of these relationships have impeded resolution of many 

of the key recurring archaeological questions regarding demographic and subsistence change 

on the Colorado Plateau. Prehistoric agricultural potential at any given place depended on 

many geomorphic and climatic factors including arroyo cutting and filling, drainage 

catchment area, runoff and sediment yield, surface soil characteristics, precipitation amount 

and seasonality, and growing season length. As these factors changed over time, so did 

agricultural potential, prompting shifts in human subsistence, land-use patterns, or farming 

practices that sometimes contributed to broader cultural and demographic change. 

Isolating the climatic mechanisms driving Holocene geomorphic change and 

deciphering the role of landscape change in prehistoric cultural processes both require 

relatively continuous, high-resolution (century-scale) alluvial chronologies and histories that 



 
 

16 
 

ideally span most of the last 11,000 years. This dissertation entails such a study in the Carrizo 

Wash watershed, a Little Colorado River headwater drainage in the southeastern part of the 

Colorado Plateau. I developed a latest Pleistocene and Holocene alluvial chronology and 

landscape history for this drainage based on alluvial fan, floodplain, groundwater-discharge, 

and volcanic deposits. Broad research objectives and specific questions of this dissertation 

study include: 

1. Reconstruct the late Quaternary history of the Carrizo Wash basin with centennial-scale 

resolution.  

  a.  What is the nature of the alluvial chronology in valley and piedmont areas? When 

did arroyo cutting, aggradation, and stability occur? How did these processes vary 

over time and space? 

  b. Can the eruptions that created Zuni Salt Lake be dated more precisely than 

McIntosh and Cather’s (1994) argon ages of 114 ± 38 ka and 86 ± 31 ka by using 

14C dating of organic matter not susceptible to reservoir effects and luminescence 

dating? Were these eruptions recent enough to have been witnessed by prehistoric 

human occupants of the area? 

2. Examine the timing of geomorphic change and alluvial cycles relative to paleoclimatic 

proxy records and infer the effect of regional climate variation and change on geomorphic 

processes and alluvial cycles. 

a. Is the Holocene hydroclimatic history of Cienega Amarilla spring discharge 

driven primarily by variations in El Niño frequency and intensity and the resultant 

variations in winter precipitation? 
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b. How do depositional rates and periods of arroyo formation relate to climate 

change and associated changes in precipitation amount, seasonality, and intensity? 

c. How do the geomorphic histories of floodplains and alluvial fans compare? What 

is the explanation of any differences? 

3. Consider the implications of the area’s geomorphic history for prehistoric maize 

agriculture and for the spatial distribution and surface visibility of archaeological sites (see 

Chapter 3 for specific research questions and preliminary findings). 

This dissertation fills a significant gap in our knowledge about the geomorphic 

history of west-central New Mexico. Perhaps more importantly, it documents the geomorphic 

responses of the Carrizo Wash watershed to climate change throughout the course of the 

Holocene. This study has implications for the larger southwestern U.S. region and 

contributes to the broader understanding of desert (arid and semi-arid) climatic 

geomorphology. New ages for recent volcanics in the Red Hill–Quemado field have 

implications for recurrence interval calculations and evaluating the risk of future eruptions 

along the Jemez Lineament. The results of this study are also relevant to archaeological 

questions regarding how prehistoric groups responded to environmental change and to 

interpreting site distributions over the landscape. 

While it is impossible to predict the exact nature and impact of global climate change 

on the American Southwest, many climate scientists predict temperature increases and 

drought, with decreased winter moisture and strengthened or delayed summer monsoons 

(Lenart, 2005; Woodhouse et al., 2010; Cook and Seager, 2013). Study of past geomorphic 

responses to similar climate changes can provide clues regarding how the region’s 
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watersheds will be affected by ongoing global warming, making this study’s findings 

relevant to land managers.  

One weakness of the Intragovernmental Panel on Climate Change (IPCC) reports is a 

limited understanding of how modern societies can best adapt to rapid climate change (Van 

de Noort, 2011). Archaeology can contribute a broad-based understanding of the adaptive 

capacities and pathways of past communities faced with rapid climate change, as well as the 

possible cultural ramifications of various adaptive strategies. This insight is important for 

devising effective strategies for modern communities to successfully deal with the 

consequences of ongoing rapid climate change. An improved grasp of the interrelationships 

between climate, geomorphology, and culture in the Carrizo Wash watershed can contribute 

to this larger understanding. 

Study	  Area:	  Carrizo	  Wash	  watershed,	  New	  Mexico,	  USA	  

The Little Colorado River drainage basin is located in the southeastern portion of the 

Colorado Plateau physiographic province, an area characterized by broad plateaus and mesas, 

deep canyons, and gently dipping Paleozoic and Mesozoic sedimentary rocks with scattered 

bodies of volcanic rocks (Patton et al., 1991; Bureau of Reclamation, 2003). Draining an area 

of more than 70,000 km2, the Little Colorado River is a Colorado River tributary. The Little 

Colorado’s southern tributaries head in the White Mountains, whereas its northern ones head 

on the Plateau. Its two easternmost tributaries are Carrizo Wash and the Zuni River. This 

dissertation focuses on the Carrizo Wash watershed. 
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The ~5800 km2 Carrizo Wash watershed is located mostly within northern Catron 

County, New Mexico, but its westernmost portion extends into central Apache County, 

Arizona. Carrizo Wash generally flows in a westerly direction, and its major tributaries 

include (from east to west) Nations Draw, Largo Creek, Cienega Amarilla, and Twentytwo 

Wash. Many valley and piedmont areas are deeply entrenched with arroyos that compromise 

rangeland productivity but facilitate the study of alluvial stratigraphy.  

The Carrizo Wash watershed contains the Red Hill–Quemado volcanic field, a 

volcanic chain of flows, scoria cones, and maars situated along the Jemez Lineament 

between the Springerville and Zuni–Bandera volcanic fields in west-central New Mexico. 

McIntosh and Cather (1994) described this volcanic field as perhaps the least studied of the 

Jemez Lineament fields and divided its 40+ vents into late Miocene and Plio-Pleistocene 

groups. 

The region is mostly semiarid, with temperature and precipitation varying primarily 

according to elevation. Most of the Little Colorado River drainage basin has a weakly 

bimodal precipitation pattern with a prominent peak in summer rainfall. The Carrizo Wash 

watershed, however, lies near the boundary of more bimodal precipitation, and it is likely 

that this boundary has shifted over time (Dean, 1988). Runoff in this region occurs primarily 

in response to intense summer storms associated with the North American Monsoon (NAM). 

Winter precipitation is mostly linked to 2–10-year El Niño Southern Oscillation (ENSO) 

cycles (Andrade and Sellers, 1988). The southwestern U.S. experiences wetter, cooler 

winters during El Niño events and relatively drier and warmer winters during La Niña events 

(Kiladis and Diaz, 1989). The Pacific Decadal Oscillation (PDO) alternates between warmer 

and colder phases every 20 to 30 years, and winter drought in the Southwest is linked to 
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colder PDO phases, whereas warm PDO phases can enhance El Niño events (Sheppard et al., 

2002). The relationship of Southwestern summer monsoons and ENSO is uncertain (Edwards 

and Redmond, 2005). Harrington et al. (1992) suggested that the Southwest monsoon pattern 

is weaker during El Niño events. 

The Carrizo Wash watershed was an ideal place to conduct this research in part 

because of the presence of abundant arroyo exposures that contain datable materials 

including buried archaeological features. The Carrizo Wash area has an extensive and long 

history of archaeological research, including a handful of geoarchaeological studies that this 

study builds upon (Birnie, 1993; Huckleberry, 1995; Anderson and Edwards, 2004; 

VanBuskirk, 2004; Onken, 2005; Onken and Van West, 2005; Huckleberry and Duff, 2008). 

Most of these investigations are associated with archaeological work conducted for the Fence 

Lake Project, a large surface coal mine planned by the Salt River Project Agricultural 

Improvement and Power District (SRP) but never operationalized because of changing 

economic considerations (Van West and Greenwald, 2005). My research interest in this area 

was first piqued during my work on the Fence Lake Project several years prior to starting my 

doctoral studies. 

The Carrizo Wash area is appropriate for climatic geomorphology research because it 

has been relatively quiescent tectonically during the latest Pleistocene and Holocene 

(Laughlin et al., 1982; Chamberlain et al., 1994), except possibly for faulting associated with 

latest Pleistocene volcanic eruptions (Appendix A). The Carrizo Wash watershed is 

composed largely of relatively easily weathered bedrock that promotes thicker fill units and 

is more sensitive to climatic change than landscapes with more resistant lithologies (Bull, 

1991; McFadden and McAuliffe, 1997). Broad similarities in the timing of prehistoric arroyo 
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cutting in the study area compared with alluvial records across much of the southwest U.S. 

suggest that regional climate change is a major controlling factor on the timing of Carrizo 

Wash alluvial cycles.  

Causes	  of	  arroyo	  formation	  

Like many other parts of the American Southwest, historic arroyo cutting in the late 

1800s and early 1900s created extensive exposures of Holocene alluvium on the southern 

Colorado Plateau. Since the 1920s (Bryan, 1925), these exposures have been studied by 

scores of geologists and archaeologists interested in documenting climate and landscape 

change and deciphering its causes. Many landmark studies have been conducted, but despite 

this long history of research, few questions have been satisfactorily resolved. 

Alluvial cycles consist of sequences of stream entrenchment (arroyo cutting), channel 

expansion, and aggradation (Huckleberry and Duff, 2008). A striking pattern of roughly 

contemporaneous channel entrenchment and infilling is evident between the Carrizo Wash 

record and other southwestern U. S. drainages including other tributaries of the Little 

Colorado (Hack, 1942; Leopold and Snyder, 1951; Wells, 1987, 1988; Karlstrom 1988; Hall, 

1990a; Karlstrom, 2005), the main trunk of the Little Colorado (Bureau of Reclamation, 

2003), other rivers and streams on the southern Colorado Plateau (Hall, 1977; Hereford, 

2002; Nials, 2003), and drainages in southeastern Arizona including the Santa Cruz River 

and San Pedro River systems (Waters and Haynes, 2001). Most researchers agree that 

Holocene alluvial cycles were generally synchronous over much of the southern Colorado 

Plateau because of regional hydroclimatic controls, with some temporal variation because of 

local geomorphic factors. Little consensus exists, however, regarding exactly what changes 
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in climate and flood regime trigger arroyo formation, despite more than 60 years of study. 

Most current explanations invoke the role of increased rainfall intensity and flashier runoff, 

especially following dry periods during which vegetation cover has decreased (Wells, 1987; 

Balling and Wells, 1990; Webb et al., 1991; Waters and Haynes, 2001; Hereford, 2002). 

However, increased rainfall intensity has been attributed to both intensified monsoons 

(Harrington et al., 1992; Adams and Comrie, 1997) and El Niños (Waters and Haynes, 2001; 

Hereford, 2002). Most flashy runoff in the Carrizo Wash watershed today is associated with 

intense summer monsoon storms, suggesting that monsoons might be more directly related to 

past arroyo formation than El Niño events. 

Local geomorphic factors—including bedrock lithology/erodibility, catchment basin 

size, and channel oversteepening—seem to vary in how much they affect stream behavior 

and trigger out-of-phase arroyo-cutting episodes (Schumm and Hadley, 1957; Schumm and 

Parker, 1973; Bull, 1991; McFadden and McAuliffe, 1997; Force et al., 2002). For example, 

McFadden and McAuliffe (1997) found that streams draining sparsely vegetated hillslopes in 

watersheds with highly erodible lithologies are more prone to arroyo formation than steams 

draining hillslopes with denser vegetation and less erodible lithologies. Because small basins 

are subject to more localized summer and early fall storms, Huckleberry and Duff (2008) 

believe they might be more likely to have local base level controls and distinct flood histories 

making small basins less likely to correlate to regional alluvial chronologies. They found that 

catchments smaller than 0.5 km2 in the Carrizo Wash area were generally not entrenched 

today and that piedmont slope did not seem related to modern entrenchment. However, they 

did document evidence of the two regionally widespread latest Holocene arroyos associated 

with small basins, suggesting that small basins can correlate with the regional record.  
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Precipitation	  and	  sediment	  yield	  relationships	  

The sediment yield of a basin is determined by many factors, the most important of 

which are effective precipitation, vegetation, basin size, elevation, relief, rock type, and 

human activity (Ritter, 1986). Langbein and Schumm (1958) examined the relationships 

between sediment yield, effective precipitation, and temperature for medium-sized basins 

averaging 3,900 km2 in the western United States and found that the relationship between 

sediment yield and precipitation is complex and nonlinear. Their data indicate that as mean 

annual precipitation increases for a given mean annual air temperature, sediment yield 

increases to a maximum and then decreases as increased effective moisture results in 

increased vegetation cover protecting the slopes from erosion. Conversely, if the initial 

conditions consist of fairly high effective precipitation, a shift to increasingly drier conditions 

will result first in an increase in sediment yield to a maximum, and then a decline in sediment 

yield when insufficient water is available to erode the slopes.  

Under conditions of sparse, desert scrub vegetation, Langbein-Schumm curves 

predict increases in effective moisture to result in flashier runoff and increased sediment 

yield, whereas decreased effective moisture would result in decreased sediment yield. In 

contrast, once conditions become wet enough to sustain grassland vegetation, any additional 

increase in effective moisture would promote denser vegetation cover stabilizing the 

hillslopes and result in decreased quantities and flashiness of runoff and reduced sediment 

yield. Shifts to decreased effective moisture conditions would weaken the grass cover and 

result in increased sediment yield. Knox (1983) points out that most geomorphic “work” 

takes place during relatively short transitions in climate and that geomorphic systems 

otherwise tend to be in relative equilibrium. 
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Vegetation type and density greatly influences the amount and flashiness of runoff, 

which largely determines the texture of the sediment load deposited in the valley fill. Nials 

and Durand (2003), working along the middle Rio Puerco (a tributary of the Rio Grande), 

believed that densely vegetated (presumably grassland) conditions associated with high 

effective precipitation and low runoff would result in only suspended load reaching the 

valley floor. Thus, most sediment deposited in the valley bottom would be composed of clay 

and silt and deposition rates would tend to be slow. Any channels or arroyos on the valley 

floor would become choked with sediment and begin infilling. If the pattern persisted long 

enough, only shallow channels would remain, and precipitation events would result in 

shallow, sluggish flows and accumulation of muddy deposits with characteristics similar to 

overbank deposits on the valley bottom. Conversely, Nials and Durand (2003) argued that the 

flashy runoff associated with desert scrub vegetation would presumably result in the 

deposition of predominantly sandy deposits on the valley bottoms, and deposition rates 

would tend to be rapid when sediment yield was high. Fining upwards sequences, however, 

also can result because of low-energy depositional environments near the top of depositional 

units as gradients decrease and discharge wanes.  

Previous	  Quaternary	  geology	  research	  in	  the	  Carrizo	  Wash	  watershed	  

Zuni Salt Lake 

Bradbury’s (1967) dissertation research was the first comprehensive study of Zuni 

Salt Lake maar. Based on a radiocarbon age of 22.9 ± 1.4 ka 14C yr BP (Haynes et al., 1967) 

on aquatic, calcareous algae from Zuni Salt Lake lacustrine deposits 15 m above the present 



 
 

25 
 

lake level, he concluded that the Zuni Salt Lake maar formed during the late Pleistocene. 

This single date provided a maximum age for the Zuni Salt Lake maar but has long been 

viewed as suspect because of probable hardwater carbon-reservoir effects. Subsequent argon 

dating of Zuni Salt Lake volcanic rocks resulted in low-resolution plateau ages of 114 ± 38 

ka and 86 ± 31 ka (McIntosh and Cather, 1994). 

Fence Lake Project investigations in valleys and uplands 

In the early 1990s, the Salt River Project Agricultural Improvement and Power 

District (SRP) initiated the Fence Lake Project (FLP), a coal mine development project sited 

within the Carrizo Wash watershed. During archaeological site testing along the Arizona 

portion of the FLP transportation corridor, Birnie (1993) conducted geoarchaeological 

studies at sites along the Arizona portion of the corridor. Although he did not do any 

geomorphic mapping or detailed profiling of the alluvium exposed in the walls of Carrizo 

Wash, he noted the presence of at least nine fairly continuous strata consisting of alternating 

clayey and sandy beds. Huckleberry (1995) conducted geoarchaeological studies at sites 

tested along the New Mexico portion of the same corridor. These sites were located on the 

bajada along the northern valley margins where site stratigraphy generally consisted of 

shallow or exposed Pleistocene soils or shallow bedrock. Huckleberry recommended that 

future work focus on reconstructing the Holocene geologic history of the valley floor. 

Anderson and Edwards (2004) conducted geomorphological investigations associated 

with archaeological data recovery in the Arizona portion of the FLP transportation corridor. 

They documented a flight of six terrace surfaces rising above the modern floodplain of 

Carrizo Wash. The highest and oldest surface (T6) consists of Pleistocene gravel, and the 

lowest three surfaces (T1–T3) date to the historical period. The remaining two terraces (T4 
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and T5) were formed during the prehistoric portion of the Holocene. Anderson and Edwards 

differentiated the alluvium into four stratigraphic units, and seven radiocarbon dates on 

detrital charcoal provided temporal control. The oldest deposits, designated Garcia Ranch I, 

underlie the T5 tread and are associated with radiocarbon dates of 7090 and 6132 14C yr BP. 

Anderson and Edwards believed that stream down-cutting followed the deposition of Garcia 

Ranch I deposits. Garcia Ranch II deposits are inset into the older Garcia Ranch I alluvium, 

but also form part of the T5 surface. The lower portion of this unit contained charcoal that 

yielded dates of 4250 and 3780 14C yr BP. The upper part of the Garcia Ranch II unit 

includes paleochannel fill dated at 3890 14C yr BP. Garcia Ranch III deposits contained 

charcoal dated at 2410 and 2520 14C yr BP. Pueblo I and II materials on the surface of this 

unit suggest that Garcia Ranch III deposition ended prior to about 1,200 years ago. The 

youngest prehistoric deposits are inset into T5 and consist of the Carrisito unit, which 

underlies the T4 terrace tread and postdates 2410 14C yr BP. 

I conducted geomorphological investigations associated with archaeological data 

recovery in the New Mexico portion of the FLP transportation corridor in the early 2000s 

(Onken, 2005), and my dissertation work in valley contexts builds upon this earlier effort. 

During the FLP work, I did not map historical period terraces within the modern arroyo and 

noted only two prehistoric terrace surfaces, one of which has only very isolated occurrences. 

I identified six distinct, prehistoric units of stream-deposited alluvium and at least three 

arroyo-cutting episodes along Carrizo Wash and its tributaries. Chronometric control was 

provided by 21 radiocarbon dates on charcoal and isolated prehistoric ceramics found in both 

primary and reworked contexts. Three of the stratigraphic units (Qha1, Qha2, and Qha3) are 

separated by weak soils in clayey alluvial and were dated to the middle Holocene between 
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approximately 6200 14C yr BP and 4000 14C yr BP. Subsequent arroyo cutting preceded 

deposition of late Holocene unit Qha4 during the 4000–1000 14C yr BP interval. Unit Qha4 

deposition ended with arroyo formation ~1000 14C yr BP. Similarly, the other late Holocene 

alluvial units (Qha5 and Qha6) were followed by arroyo cutting around 650 14C yr BP and 

the late 19th century, respectively. 

Cox Ranch Pueblo area investigations in piedmont areas 

Geoarchaeological investigations were conducted in piedmont areas north of Zuni 

Salt Lake by researchers affiliated with Washington State University. Huckleberry and Duff 

(2008), expanding on VanBuskirk’s (2004) master’s thesis, studied eight stratigraphic 

localities to date latest Holocene arroyo activity in low-order ephemeral streams near Cox 

Ranch Pueblo. Cox Ranch Pueblo (LA 13681) is a Pueblo II Chacoan outlier site occupied 

from about AD 1050-1130. Lithostratigraphic units in the Cox Ranch area were found to 

consist of alternating layers of sandy and muddy alluvium. Soils are weakly developed, with 

minor humification and calcification. Chronometric control was provided by 27 radiocarbon 

dates. Twelve of these are from arroyo fill contexts and include material from unburned 

flotsam layers, pith or near-pith wood of unburned juniper trees in growth positions, detrital 

charcoal, and a possible archaeological feature. From these dates, Huckleberry and Duff 

inferred two episodes of latest Holocene deep channel entrenchment dating ~AD 900-1050 

and AD 1300-1400 that are correlative with alluvial cycles previously recognized on the 

southern Colorado Plateau. They concluded that these arroyo-cutting events were preceded 

by dry conditions and that entrenchment was likely initiated by high-intensity, late summer 

or early fall monsoon or tropical storms. Furthermore, they pointed out that although these 

periods of entrenchment would have been deleterious to Puebloan agricultural productivity, 
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the AD 1050–1130 occupation of Cox Ranch Pueblo appears to fall between these arroyo 

events during a period of geomorphic stability that lasted until ~AD 1300. This prompted 

them to conclude that arroyo cutting was not a factor in the depopulation of the Cox Ranch 

Pueblo area in the mid-12th century. 

Explanation	  of	  research	  approach	  

Extensive documentation and dating of stratigraphic exposures provided the 

foundation for addressing this study’s research questions. Isolating the climatic mechanisms 

driving alluvial cycles and deciphering the role of landscape change in prehistoric cultural 

processes (such as shifting settlement and subsistence patterns, population aggregation, and 

abandonment) both require that alluvial sequences be accurately and precisely dated. Field 

studies focused on five areas of the watershed, and more than 100 stratigraphic sections in 

both valley and piedmont contexts were documented with detailed scale profile drawings and 

descriptions. I selected study localities based primarily on the presence of clean, fresh 

alluvial exposures, accessibility, well-expressed stratigraphy, datable materials, and 

proximity to significant archaeological sites. 

The chronostratigraphic framework was based primarily on 201 radiocarbon dates, 

although temporally diagnostic archaeological artifacts (mostly ceramic sherds) and optically 

stimulated luminescence dates were important in some contexts. Construction of the largely 

centennial-scale chronostratigraphic framework was a reiterative process, with successive 

batches of 14C samples submitted for dating based on the results of previously dated material. 

Organic matter found in key stratigraphic contexts was selected for 14C dating, with 

preference given to short-lived plant species and parts (e.g., annuals, twigs, and seeds) to 
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minimize the “old wood problem” (Schiffer, 1986). Charred plant material from buried 

archaeological features exposed in arroyo walls was favored over detrital charcoal, which can 

be prone to reworking from older deposits. Organic-rich soils were mostly avoided because 

of the potential of erroneously old ages because of detrital coal derived from the local 

bedrock.  

I inferred the effect of regional climate variation and change on geomorphic alluvial 

processes by comparing the timing of valley and piedmont aggradation pulses, periods of 

slow deposition or stability, and episodes of channel entrenchment with two types of 

paleoclimatic proxies. The first type consisted of proxy records from the southwest U.S. 

region, including cave, pollen, packrat midden, tree-ring, soil isotope, spring, paleoflood, and 

lake records. The second category consisted of larger-scale reconstructions of ENSO and 

NAM strength and frequency (e.g., Poore et al., 2005; Conroy et al., 2008) that span most of 

the Holocene and serve respectively as proxies for winter and summer precipitation in the 

southwestern U.S. While other climatic geomorphology studies based on alluvial sequences 

in the southwestern U.S. have incorporated a subset of these strategies, this study is unique in 

that the alluvial record spans most of the Holocene, the alluvial chronology generally has 

centennial-scale resolution, and both regional and larger-scale paleoclimatic records are 

considered. 
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CHAPTER 2: PRESENT STUDY 

 

This dissertation is organized into three separate studies (appendices) that I plan to 

publish in peer-reviewed journals. The first appendix presents a study that establishes a latest 

Pleistocene age for volcanic eruptions at Zuni Salt Lake. The second appendix evaluates the 

hypothesis that the late Holocene hydroclimatic history of spring discharge at Cienega 

Amarilla is driven largely by variations in El Niño frequency and intensity and the resultant 

variations in winter precipitation. The third appendix examines the nature and timing of 

fluvial geomorphic change in mid-elevation valley and piedmont areas of the Carrizo Wash 

watershed and identifies the climatic factors driving this landscape change. Each of these 

appendices is described in more detail below. 

Terminal	  Pleistocene	  volcanic	  eruptions	  at	  Zuni	  Salt	  Lake,	  west-‐central	  

New	  Mexico,	  USA	  

This study re-evaluates the age and volcanic history of Zuni Salt Lake maar, a 

volcanic crater in the Red Hill–Quemado volcanic field that holds great significance in the 

oral traditions of a handful of tribes including the Zuni and Hopi. Zuni Salt Lake is often 

depicted as a textbook example of a maar, but despite its notoriety previous dating attempts 

are limited to argon dates with very poor precision and a radiocarbon age compromised by 

hardwater effects. These earlier dating results suggested that the Zuni Salt Lake eruptions 

predated ~27 ka, initially prompting me to assume that volcanic activity at this vent had little 

significance in the Holocene geomorphic history of the surrounding area. While conducting 

fieldwork near the crater, I noted that the volcanic landforms were relatively uneroded and 
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that the soils on the associated volcanic deposits were weakly developed. These observations 

suggested that the eruptions might have occurred more recently than the initial dating 

suggested, prompting me to instigate a study to re-evaluate when the Zuni Salt Lake 

eruptions occurred. Four radiocarbon dates on wood charcoal found in buried soils mantled 

by volcanic deposits indicated two closely spaced, monogenetic events. The first was a 

violent strombolian eruption ~13.3 ka. The second eruptive phase occurred ~11.8 ka and 

consisted of a series of closely-spaced phreatomagmatic eruptions. Five less precise 

luminescence ages support this eruption chronology. The new, terminal Pleistocene ages for 

the Zuni Salt Lake eruptions are substantially younger and more precise than previous dates, 

and the millennium or more separating the two eruptive phases suggests closely spaced, 

monogenetic events at Zuni Salt Lake. 

The revised, terminal-Pleistocene age of the Zuni Salt Lake eruptions has several 

important implications. The eruptions significantly modified the landscape immediately 

surrounding the vent, including topographic and vegetation changes and disruption of 

drainages. Other Pleistocene volcanics in both the Red Hill–Quemado field and other Jemez 

Lineament fields might be substantially younger than presently suggested by argon dating. 

The revised ages decrease the recurrence interval of volcanism along the Jemez Lineament 

by roughly 33 percent, suggesting an increased risk of future eruptions. The new dates also 

indicate that the Zuni Salt Lake eruptions are recent enough that they were likely witnessed 

by Paleoindian Clovis (~13.4–12.7 ka) and Folsom-Midland (~12.8–11.7 ka) groups 

inhabiting the region and probably had a lasting effect on their ideology. Co-author Steven 

Forman’s contributions included conducting the optically stimulated luminescence (OSL) 

analyses and writing the supplementary materials section containing detailed OSL methods. 
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Late	  Holocene	  hydroclimatic	  change	  at	  Cienega	  Amarilla,	  west-‐central	  New	  

Mexico	  

The geomorphic response to hydroclimatic variation during the late Holocene in the 

southwest U.S. is typically relatively subtle. Major springs and wetlands are rare in the 

Carrizo Wash watershed, especially in the lower-elevation parts of the drainage basin. 

Cienega Amarilla, a major Carrizo Wash tributary, is a notable exception that appears to have 

been unusually sensitive to late Holocene climatic changes. An extinct travertine spring 

mound is present on the Cienega Amarilla valley floor, and a handful of springs issue from 

the modern arroyo bed. Floodplain stratigraphy at Cienega Amarilla and nearby Cottonwood 

Canyon was studied to evaluate the hypothesis that the Holocene hydroclimatic history of 

Cienega Amarilla spring discharge was driven largely by variations in El Niño frequency and 

intensity and the resultant variations in winter precipitation. Six stratigraphic units, including 

alluvial, intermittent wet meadow, marsh, and travertine spring mound facies were identified 

in the Cienega Amarilla study area, which includes nearby Cottonwood Canyon. Forty-four 

14C dates primarily from short-lived organics helped place these alluvial and ground-water 

discharge deposits in a century-scale resolution chronometric framework spanning the past 

4000 years. The stratigraphic record indicates that spring-mound growth was most rapid and 

wetlands surrounding the mound were at their maximum extent during the ~2.3–1.6 ka 

interval, implying that spring discharge was greatest and water tables most elevated during 

this period. Many coeval paleoenvironmental records in the southwestern U.S. indicate 

enhanced effective moisture, and ENSO proxies suggest peak El Niño strength and 

frequency. Peak groundwater-discharge was followed by a sudden and pronounced decline 

from 1.6–1.0 ka, consistent with southwestern U.S. paleoenvironmental records suggesting 
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decreased effective moisture and ENSO proxies indicating decreased El Niño strength and 

frequency. Floodplain processes at Cienega Amarilla shifted back to a runoff-dominated 

regime by ~1 ka. This change coincided with the persistently droughty expression of the 

Medieval Climatic Anomaly in this region and may also be related to arroyo formation 

higher in the drainage catchment. The Holocene hydroclimatic history of Cienega Amarilla 

spring discharge appears to be driven largely by variations in El Niño frequency and intensity 

and the resultant variations in winter precipitation.  

The presence of Basketmaker II (500 BC–AD 500), Pueblo I (AD 750–900), and 

Protohistoric (AD 1450–1600) period sites poorly represented elsewhere in the surrounding 

area suggest that Cienega Amarilla’s springs made the surrounding area a focus of latest 

Holocene human activity. Emergent groundwater at Cienega Amarilla would have provided a 

reliable freshwater source, attracted game and waterfowl, offered unique riparian and paludal 

plant resources, and the springs may have been considered sacred by the area’s prehistoric 

occupants. The ~2.3–1.6 ka period of peak Cienega Amarilla groundwater discharge appears 

linked to enhanced El Niños throughout the Southwest region that were likely a catalyst for 

prehistoric cultural changes including increased dependence on agriculture and sedentism. 

Geomorphic	  responses	  to	  Holocene	  climatic	  changes	  in	  the	  Carrizo	  Wash	  

watershed,	  southern	  Colorado	  Plateau	  

Extensive field documentation and 197 14C ages resulted in the identification of seven 

allostratigraphic units and the development of a high-resolution Holocene alluvial 

chronology and landscape history of mid-elevation valley and piedmont areas of the Carrizo 

Wash watershed. Alluvium exposed in valley arroyos dates primarily to the middle Holocene 
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(~7.1–4.9 ka), whereas late Holocene (~4.3–2.7 ka) deposits are prevalent in piedmont arroyo 

exposures. Paleochannels indicate extensive prehistoric arroyo-cutting and erosion ~4.9 and 

0.8 ka and more localized channel entrenchment ~1.9 and 1.2 ka. More indirect evidence 

implies possible incision at ~7.5 and 2.7 ka. The primary objective of my investigation was 

to reconstruct the nature and timing of fluvial geomorphic change and identify the climatic 

factors driving landscape change. Comparison of the Carrizo Wash alluvial history with both 

paleoenvironmental proxy records from the southwest U.S. region and larger-scale 

reconstructions of ENSO and NAM strength and frequency confirmed that Carrizo Wash 

geomorphic systems were sensitive to regional climate change throughout the Holocene. 

Extended drought typically preceded arroyo cutting, and entrenchment was commonly 

associated with increased climate variability, major shifts in precipitation amount or 

seasonality, and periods with few large floods. Accelerated valley and piedmont aggradation 

appears related to increased flooding and runoff associated with reduced vegetation cover 

during periods of low effective moisture resulting from enhanced North American Monsoon 

circulation and weak ENSO conditions. Conversely, slow or stalled deposition appears 

connected to reduced flooding and runoff fostered by denser vegetation during times of 

increased effective moisture caused by enhanced ENSO conditions and increased winter 

precipitation. The cause-and-effect relationships identified by this study are not necessarily 

relevant to other watersheds with different lithology, topography, precipitation amount and 

seasonality, and/or vegetation. Disparities with other studies in the region asking similar 

questions suggest that additional well-dated alluvial sequences in a wide-variety of contexts 

are needed to form the foundation of a sound, comprehensive model applicable to the larger 

region.  
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Future climate changes predicted for the southwestern U.S. include increased drought 

and enhanced or delayed monsoons. This study suggests that these changes could initiate 

renewed accelerated erosion of upland areas and increased flooding in southern Colorado 

Plateau headwater tributaries. The findings also have archaeological implications, including 

temporal biases associated with surface site distributions and changing viability of 

floodwater farming over time that likely contributed to broader cultural and demographic 

change. 
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CHAPTER 3: GEOARCHAEOLOGICAL FINDINGS AND IMPLICATIONS 

Statement	  of	  problem	  and	  research	  questions	  

The Carrizo Wash watershed contains abundant archaeological evidence of Ancestral 

Puebloans and their predecessors, including a site containing some of the earliest evidence of 

maize agriculture in the American Southwest. Much of the dateable organic matter in the 

alluvial record consists of charred plant remains from archaeological thermal features. One 

goal of this study was to consider the archaeological implications of alluvial cycles and the 

area’s depositional history, especially in terms of prehistoric maize agriculture and the spatial 

distribution and surface visibility of archaeological sites.  

A more comprehensive and detailed understanding of the environmental conditions 

associated with southern Colorado Plateau prehistory is integral to refining archaeological 

interpretations and explanations of prehistoric human behavior on both local and regional 

scales. The initial adoption of maize agriculture ~2100 BC, the Chaco Phenomenon ~AD 

1050–1130, and regional depopulation ~AD 1300–1350 are three of the most significant 

episodes in Ancestral Puebloan prehistory in the American Southwest. Current perspectives 

on the cultural processes and circumstances associated with these key prehistoric events have 

been limited by an incomplete understanding of the concomitant environmental conditions. 

Total annual precipitation and mean maximum temperature reconstructions have been 

inferred from tree-ring records with high temporal resolution for the last two millennia. 

Agricultural potential and productivity, however, also depend on other parameters including 

seasonality of precipitation, topsoil characteristics, and geomorphic conditions. The late 

Quaternary history of the Carrizo Wash watershed resulting from this dissertation research 
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fills much of this gap by providing a largely centennial-scale reconstruction of the 

geomorphic, hydroclimatic, and volcanic history of the Carrizo Wash watershed.  

The geologic findings presented in Appendices A–C are relevant to important 

archaeological research questions including: 

(1) How has our understanding of prehistoric demographic and settlement patterns been 

biased by the alluvial history of the Carrizo Wash watershed? 

(2)  Did particular environmental conditions ~2100 BC facilitate the adoption of maize in the 

Carrizo Wash area?  

(3)  What environmental conditions prevailed during the middle Archaic and Basketmaker 

II–Pueblo I periods characterized by low population densities?  

(4)  Did Pueblo II immigrants establishing Chacoan outlier communities settle in the Carrizo 

Wash area because of local conditions especially favorable for maize agriculture? 

(5)  Was post-AD 1000 arroyo cutting a contributing causal factor in major demographic 

shifts such as the Pueblo II relocation from the Cox Ranch piedmont area to higher 

elevations to the east ~AD 1150 and regional depopulation ~AD 1300–1350? 

Background	  

Human land use and environmental change 

The Carrizo Wash watershed falls within the Cibola region of the Ancestral Pueblo 

cultural tradition (LeBlanc, 1989; Cameron and Duff, 2008). Ancestral Puebloan peoples are 

thought to be the ancestors of modern Pueblo groups and subsume the Basketmaker II–III 

and Pueblo I–IV eras of the Pecos Classification (Kidder, 1927). Before the Ancestral 
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Puebloans, Paleoindian and Archaic groups occupied the area, but it is unclear whether they 

are direct antecedents.  

This section summarizes current understanding of the relationship between the study 

area’s prehistory and middle to late Holocene environments and landscapes, focusing on the 

adoption and intensification of maize agriculture in a region that was generally marginal for 

dryland farming (Benson and Berry, 2009). For acceptable yields, prehistoric Southwestern 

native varieties of maize probably required approximately 25–30 cm of annual precipitation 

(Hack, 1942:8–9; Hogan, 1987:58), with 8–15 cm of this falling as summer rains during the 

most critical July through August growth period (Hogan, 1987:47; Pool, 2002:52). The frost-

free period is the most limiting temperature factor for maize agriculture. Hopi maize needs a 

110–120 day growing season to fully mature (Hack, 1942:23), but other native varieties 

require as few as 60 days (Pool, 2002:55). Historical climate data suggest that the Carrizo 

Wash watershed has present mean annual precipitation ranging from about 27–36 cm, falling 

mostly as rain during the summer monsoon from July through September. Growing seasons 

have had at least 110 frost-free days roughly 85–90% of the years on record, and minimally 

adequate July and August rain for native maize has fallen about 70% of the years on record 

(Western Regional Climate Center, 2009). Dendroclimatic reconstructions of precipitation 

and temperature are precisely dated and have been well integrated into the region’s culture 

history; however, full integration of environmental and cultural change is not possible 

without precisely dated landscape and alluvial histories. 

Paleoindian  

The earliest human occupants of the Carrizo Wash area were Paleoindians of the 

Clovis (~11,500–10,800 BC), Folsom-Midland (~10,900–9800 BC), and Late–Terminal 
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Paleoindian (~10,9000–6600 BC) cultures (Holliday, 2000; Van West and Greenwald, 2005; 

Miller et al., 2013). While early sites are not abundant, ten Paleoindian sites have been 

recorded within the Carrizo Wash watershed (Huber, 2005). Most of these probably represent 

Late–Terminal Paleoindian period Cody Complex occupations. Two sites (LA46520 and 

LA87784), however, have Folsom-Midland material, while a possible Clovis biface fragment 

was noted at another (LA87069) (Leach et al., 1998; Wegener et al., 2005). More plentiful 

Paleoindian evidence has been documented in the San Agustin Plains, located in the adjacent 

drainage basin to the east (Holliday et al., 2006; Hill and Holliday, 2011). 

Archaic  

The Archaic period (~7000–500 BC) was dominated by a hunting and gathering 

economy differing from the preceding Paleoindian period. Archaic subsistence activities 

focused on plants and small animals and foraging ranges were probably smaller. In the 

Carrizo Wash area, populations remained low until the Late Archaic (2000–500 BC) when 

use of the area increased substantially, coinciding with the initial adoption of maize 

agriculture, early experimentation with fired clay, and the establishment of the first semi-

sedentary pithouse villages (Van West and Greenwald, 2005).  

The Archaic period spanned the entire middle Holocene and the first half of the late 

Holocene, coinciding with relatively dramatic paleoenvironmental change. The early 

Holocene, characterized by conditions somewhat warmer and drier than the cool and moist 

late Pleistocene, was followed by an extremely warm and dry middle Holocene interval that 

began around 7000–6400 BC (Petersen and Mehringer, 1976; Smith and Street-Perrott, 1983; 

Carrara et al., 1984; Hevly, 1985; Hall, 1985, 1990b; Waters, 1989; Ely, 1997). Often 

referred to as the Altithermal or postglacial thermal maximum, this middle Holocene period 
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is characterized as having the warmest temperatures and the lowest effective moisture of the 

entire Holocene epoch. The apparent low incidence of arroyo cutting in the Southwest during 

the middle Holocene suggests that high-magnitude storms and strong El Niño events were 

infrequent (Waters and Haynes, 2001). In contrast, marine and packrat midden records 

(Poore et al., 2005), as well as ocean-atmosphere climate modeling (Harrison et al., 2003), 

suggest that summer monsoon rainfall was greatly enhanced during the middle Holocene. By 

about 3800–3200 BC, however, the frequency and intensity of El Niño events began 

increasing (Hall, 1985; Ely et al., 1993; Rodbell et al., 1999). El Niños often produce periods 

of extended heavy winter rainfall in the Southwest that result in high-magnitude flooding 

(Andrade and Sellers, 1988; Webb and Betancourt, 1992; Bull, 1997; Ely, 1997). By 2500 

BC and the beginning of the late Holocene, the Altithermal ended and the modern climate 

regime became established. The late Holocene was characterized by a shift to generally 

cooler temperatures and greater effective moisture with numerous alternating periods of 

relatively wetter and drier conditions (Mehringer, 1967; Mehringer et al., 1967; Hall, 1985; 

Waters, 1989; Ely, 1997).  

The correlation of low population densities and extended warm, dry conditions 

throughout the middle Holocene is not surprising, although destruction of middle Holocene 

sites by erosion plausibly contributes to low site densities to an unknown degree. Similarly, 

the amelioration of these climatic conditions between 3800 and 2500 BC probably helped 

make the subsequent adoption of maize agriculture viable, but relatively little is known about 

the associated landscape and soil conditions. In recent years, early agriculture has become an 

increasingly important regional research topic. Comprehensive, detailed environmental 

reconstructions are a critical but somewhat neglected component of this issue, and more 
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detailed geoarchaeological studies are needed to decipher the dynamics and circumstances of 

this dramatic subsistence shift.  

Currently the earliest uncontroversial evidence for maize cultivation in the Southwest 

includes radiocarbon dates on maize macrofossils that indicate adoption by ~2100 BC from 

the Old Corn site (LA 137258), located in the study area (Huber, 2005), and from the 

Clearwater site, situated along the Santa Cruz River in southeastern Arizona (Mabry and 

Doolittle, 2004). Bat Cave, located on the margin of the San Augustin Plains about 90 km 

southeast of the Carrizo Wash area, has yielded numerous 1400–400 BC dates on maize 

(Wills, 1988:108–109). Evidence of early canal irrigation around 1300 BC has been 

documented nearby in upland areas within the Zuni Reservation, roughly 60 km north of the 

Carrizo Wash area (Damp et al., 2002), as well as in distant lowland areas in the Tucson 

Basin of southeastern Arizona (Ezzo and Deaver, 1998; Mabry, 2004).  

The Old Corn site is located at 1905 m (6250 ft) elevation on a south-facing bajada 

overlooking the Carrizo Wash floodplain. Ten 14C assays on maize macrofossils indicate 

maize farming at the Middle to Late Archaic transition around 2100 BC (Huber, 2005). 

Classified as a seasonally used base camp, the Archaic component of this site includes 

hearths, fire-cracked rock clusters, and numerous storage pits, many of which contained 

charred maize kernels and cobs in refuse fill. Prior studies of local soil-stratigraphic and 

phytolith records in the area surrounding the Old Corn site suggested a trend of increasing 

effective moisture, consistent with regional paleoenvironmental shifts during the middle to 

late Holocene transition and arroyo-filling contemporaneous with site occupation (Onken, 

2005; Onken and Van West, 2005). 
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Formative  

The Formative period, which began ~500 BC in the U.S. Southwest, is characterized 

by an increasing investment in an agricultural economy, the introduction of pottery (in the 

southern Southwest), the development of regional ceramic traditions, and a core-flake 

reduction lithic technology (Van West and Greenwald, 2005). Basketmaker II (~500 BC–AD 

500), sometimes termed the Early Agricultural Period (e.g., Huckell, 1996), marked the 

beginning of the Formative period. The apparent paucity of sites assigned to the Basketmaker 

II period in the Carrizo Wash region suggests population decline, although Van West and 

Huber (2005) speculated that this trend might be due to the difficulty in differentiating 

Basketmaker and Late Archaic components. Basketmaker III (~AD 500–750) is 

characterized by increasing reliance on maize agriculture accompanied by increasing 

sedentism. Both Basketmaker III and the subsequent Pueblo I period (~AD 750–900) are also 

characterized by low site numbers interpreted to indicate low population densities (Danson, 

1957; Bullard, 1962; Whalen, 1984; Van West and Huber, 2005). Prior dendroclimatic and 

geomorphic studies suggest that the Basketmaker II period coincided with conditions 

generally deleterious for agriculture, including drought and/or extreme cold with slow clay 

deposition on the valley floor possibly followed by entrenched channels beginning around 

100 BC (Onken, 2005, 2012; Onken and Van West, 2005). These geomorphic inferences, 

however, are based on minimal data and are relatively speculative. Basketmaker III and 

Pueblo I climatic conditions appear to have been more favorable for farming, but little is 

presently known about the associated geomorphic conditions. 

Many communities in the Carrizo Wash watershed dating to the latter half of the 

Pueblo II period (~AD 900–1150) contain black-on-white and gray ware ceramics and are 
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clustered around a Chaco-style “great house,” implying some sort of relationship with Chaco 

Canyon (Duff, 2005:11; Huckleberry and Duff, 2008). These outlying communities, 

including Cox Ranch Pueblo, define the southern margin of the great house distribution 

(Duff, 2005:4). In the Carrizo Wash area, Pueblo II sites dating between AD 1050–1130 are 

numerous, suggesting a population increase too dramatic to be the result of internal growth of 

the resident Pueblo I population alone and implying a significant influx of people into this 

area around AD 1050 (Whalen, 1984; Bernard-Shaw, 1993; Duff, 2005; Van West and 

Huber, 2005). Brown ware pottery recovered at Carrizo Wash area Pueblo II sites suggests a 

Mogollon origin for many of these migrants (Duff, 2005; Huckleberry and Duff, 2008; Duff 

and Nauman, 2010). Prior studies suggest arroyo formation near the beginning of the Pueblo 

II period and increased precipitation and arroyo filling coeval with the establishment of 

Chacoan communities in the middle of Pueblo II times (Onken, 2005; Van West and 

Grissino-Mayer, 2005; Huckleberry and Duff, 2008). These geomorphic reconstructions, 

however, lack the requisite dating precision needed to confidently surmise the role of 

landscape change in the region’s prehistory.  

The collapse of the Chacoan system marked the beginning of the Pueblo III period 

(~AD 1150–1300) and was likely related to the AD 1130–1180 drought (Huckleberry and 

Duff, 2008; Benson and Berry, 2009). Pueblo settlements in the Cox Ranch piedmont area of 

the Carrizo Wash watershed relocated to more easterly locations at higher, presumably 

moister, elevations about 30 km east near Mariana Mesa (McGimsey, 1980; Duff, 2005:15; 

Huckleberry and Duff, 2008). Huckleberry and Duff (2008) concluded that the Cox Ranch 

piedmont area Pueblo II communities were abandoned during a period of geomorphic 

stability and that arroyo cutting was not a factor. Pueblo III sites are less common than 
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Pueblo II sites, but this may indicate population aggregation instead of decline (Van West 

and Huber, 2005).  

The Carrizo Wash watershed, like the greater Four Corners area of the Southwest, 

was largely depopulated by the end of the Pueblo III period. Only three known sites in the 

Carrizo Wash watershed have Pueblo IV period (~AD 1300-1450) components. These three 

sites, however, were abandoned by AD 1350, apparently coinciding with colder conditions 

(Van West and Huber, 2005), the Great Drought, widespread arroyo-cutting (Onken, 2005; 

Huckleberry and Duff, 2008), and violent circumstances (LeBlanc, 1999; Van West and 

Greenwald, 2005). This appears to be part of a larger Western Pueblo area pattern at this time 

of widespread aggregation at villages along the Rio Grande, the Little Colorado River, and at 

Hopi, Zuni, and Acoma (Ferguson, 1981; Kintigh, 1985; Adams, 1991; Crown, 1994; Duff, 

1998, 2000, 2002; Huckleberry and Duff, 2008). The Carrizo Wash watershed was not 

reoccupied until the U.S. acquired the New Mexico Territory in the mid-1800s (Van West 

and Huber, 2005). 

Alluvial	  cycles	  and	  prehistoric	  agriculture	  

Prehistoric population density, settlement patterns, and farming practices varied over 

time and were closely related to the extent and location of areas suitable for farming. 

Archaeologists studying the Colorado Plateau have long recognized that the viability of 

prehistoric agriculture depended on the availability of sufficient water, proper soil conditions, 

and a sufficiently long growing season. Changing geomorphic conditions necessitated 

frequent shifts in prehistoric farming strategies and field locations (Dean, 2002; Force et al., 

2002). During times when stream channels were entrenched, the amount of land suitable for 
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floodwater farming was greatly reduced and fields were likely concentrated at arroyo mouths 

(Bryan, 1929, 1941; Hack, 1942; Dean et al., 1985; Huckleberry and Billman, 1998; Nials 

and Durand, 2003; Huckleberry and Duff, 2008). This strategy, known as ak chin farming, 

uses naturally flooded areas at the mouths of discontinuous arroyo systems where runoff 

becomes unconfined and spreads out over the fan surface (Waters and Field, 1986). In 

contrast, during periods when valley and piedmont surfaces were aggrading or stable, larger 

areas piedmonts and valley floor areas were potentially suitable for field locations (Kintigh, 

1984).  

Surface soil characteristics greatly influence moisture holding capacity and fertility. 

Although clay-enriched soils retain and conserve soil moisture, soils with too much clay were 

not particularly favorable for prehistoric agriculture because they are often poorly drained 

and highly alkaline (Hack, 1942). Clayey soils hold water tightly, sometimes making it 

difficult for plants to access the moisture, and shrink-swell processes common in clayey soils 

can damage plant roots (Anderson and Edwards, 2004). Water will not infiltrate as quickly or 

deeply into clayey soil as it will into sandier soils (Birkeland, 1999). When summer rains 

consist of short, brief showers, less moisture reaches the root zone before it evaporates or 

runs off in clayey fields than in sandy fields. Sandy surface soils were generally more 

favorable for prehistoric farming, especially when underlain by clayey soils that prevented 

water from quickly infiltrating beyond the reach of plant roots (Westfall, 1981). Soil fertility 

for prehistoric maize agriculture can be compromised by high levels of soluble salts, high 

pHs that limit nutrient uptake, or deficiencies in potassium, nitrogen, or phosphorus (Hogan, 

1987; Homburg, 2005). 
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Many archaeological studies have integrated paleoenvironmental data, but the focus 

has generally been on comparing detailed dendroclimatic precipitation and temperature 

reconstructions with demographic responses inferred from the archaeological record (e.g., 

Benson and Berry, 2009). The difficulties inherent in integrating annual-resolution and 

lower-resolution paleoenvironmental records have generally hindered a more comprehensive 

approach. A notable exception to this is Dean et al.’s (2000) agent-based model of Long 

House Valley in the Black Mesa area of northeastern Arizona. This model incorporated 

Karlstrom’s (1988) alluvial chronology, pollen studies, and Palmer drought severity indices 

derived from dendroclimatic data and soil characteristics to reconstruct temporal and spatial 

variation in prehistoric maize production (see also Euler et al., 1979; Dean et al., 1985). The 

main limitation of this study, however, is that soil traits were inferred from assumed analogs 

in southwestern Colorado instead of being measured directly. Studies similar to the Long 

House Valley investigation, such as Kohler et al. (2000) and Van West (1990), integrated 

modern surface soil data but failed to incorporate changing geomorphic and soil conditions 

over time. Still other studies (e.g., Force et al., 2002; Huckleberry and Duff, 2008) focused 

on the importance of changing geomorphic conditions but had limited temporal control.  

Preliminary	  geoarchaeological	  findings	  

Twenty-six buried archaeological sites, including more than 85 features, were 

documented in arroyo exposures during this study, suggesting that surface site distributions 

provide an incomplete picture of prehistoric land-use patterns. I plan to expand, refine, and 

publish the preliminary results summarized below as one or more journal articles in the near 

future. 
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Paleoindian 

The first volcanic eruptions at Zuni Salt Lake occurred during the ~11,600–11,200 

BC interval coincident with the Clovis period, and the second eruptive phase dating 

~10,200–9600 BC falls within the Late–Terminal Paleoindian period (Appendix A). 

Therefore, it is plausible that Paleoindians in the area witnessed both eruptive phases of Zuni 

Salt Lake. It would be difficult for Paleoindians living in the surrounding region to remain 

unaware of the Zuni Salt Lake eruptions, especially since each of the two main eruptive 

phases probably continued for weeks to years. As described by Elson et al. (2007), volcanic 

eruptions are usually preceded by several weeks or months of earthquakes that increase in 

size and frequency. Once an eruption begins, ash plumes and smoke from associated 

wildfires is usually visible from quite some distance during the day. At night, lava fire 

fountains associated with cinder cone eruptions can be quite spectacular. Lightning and 

thunder often emanate from the eruption plume, and the roar of an eruption can sometimes be 

heard 100 km away. Modern maar eruptions have been known to cause total darkness over a 

20-km-wide area (Müller and Veyl, 1956). The sparsity of Paleoindian sites in the Carrizo 

Wash area could be partially due to intentional avoidance of the area because of the active 

volcanics, although this hypothesis is speculative and would be difficult to test. 

For any Paleoindians witnessing the Zuni Salt Lake eruption, the event was likely 

highly significant, evoking both fear and awe and leaving a lasting effect on their ideology 

(Elson et al., 2002; Ort et al., 2008). Most ethnographic accounts indicate that prehistoric 

eruptions were thought to have supernatural origins (Elson et al., 2007). Accounts of the 

Sunset Crater eruption 900 years ago in north-central Arizona are still passed on today as part 

of traditional Hopi clan knowledge (Ferguson and Loma’omvaya, 2011).  
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Archaic 

Except for a few possible late Paleoindian and early Archaic features, buried sites 

found in arroyo walls during my research generally post-date 2100 BC (Appendices B and 

C). Most of these are Late Archaic or Basketmaker II sites in upland piedmont contexts that 

are 14C dated to the ~2100 BC–AD 1 interval. These sites, many with features containing 

maize macrofossils, coincide with major pulses of alluvial fan deposition that made piedmont 

catchments especially favorable for floodwater farming. In contrast, valley floors along 

Carrizo Wash’s main trunk and major tributaries were less attractive during this period 

because of clayey soils and minimal alluviation. One exception to this pattern is the Old Corn 

Site (LA 137258), a previously investigated surface site located on a bajada overlooking the 

Carrizo Wash floodplain, where evidence for some of the earliest known maize agriculture in 

American Southwest at ~2100 BC (Huber, 2005) has been documented. The adoption of 

maize agriculture in this region coincides with the onset of strengthening ENSO at the 

beginning of the late Holocene (Conroy et al., 2008) during a period of moderately strong 

North American monsoon circulation (Poore et al., 2005). Preceded by arroyo cutting and 

filling, the arrival of maize coincided with the beginning of a period of accelerated piedmont 

aggradation in the Carrizo Wash area (Appendix C). Increased effective moisture, consistent 

summer precipitation, and ample piedmont runoff would have resulted in conditions 

amenable to the adoption of maize floodwater agriculture.  

The absence of buried archaeological features dating to the 400-year-long interval 

from ~1250–850 BC is puzzling because the Late Archaic period is typically characterized as 

a period of population growth. Piedmonts in the Carrizo Wash watershed experienced slower 

depositional rates during this time (Appendix C) and this interval coincides with a period of 
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infrequent large floods (Harden et al., 2010), suggesting conditions may have been less 

favorable for floodwater farming. Armour et al. (2002) inferred cold, periglacial conditions 

~900 BC in the Sangre de Cristo Mountains in north-central New Mexico. This implies that 

the Late Archaic occupational gap could be related to cold conditions that might have 

shortened the growing season in the Carrizo Wash area. 

Basketmaker II–Pueblo I 

Prior archaeological studies in the Carrizo Wash watershed concluded that population 

density was extremely low during Basketmaker II times (Van West and Huber, 2005). Six 

buried Basketmaker II sites were found during this investigation, indicating at least a locally 

significant Basketmaker II presence. These sites lacked ceramic artifacts, and most of them 

dated to the 400 BC–AD 1 period and had direct evidence of maize. This finding illustrates 

the problems inherent in using only surface site data to infer settlement patterns in areas with 

thick accumulations of Holocene alluvium. 

Cienega and spring deposits are locally present but relatively unusual in the 

stratigraphic record of the Carrizo Wash watershed. The most significant record is at Cienega 

Amarilla, where organic-rich black mats and spring tufa deposits, date to ~350 BC– AD 350 

(Appendix B). The formation of these groundwater discharge deposits is coincident with the 

Basketmaker II period and an interval of especially strong ENSO conditions (Conroy et al., 

2008) that resulted in higher water tables and increased spring flow. Higher water tables 

would have contributed to favorable conditions for maize agriculture.  

Another occupation hiatus in the buried site record is evident from ~AD 350–750, 

during Basketmaker III and early Pueblo I times. Unlike the Late Archaic hiatus, this gap is 
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consistent with prior archaeological inferences of low population during this time due to 

regional drought. 

Pueblo II–IV 

Shallowly buried Pueblo II material adjacent to known surface sites is common in the 

Carrizo Wash watershed. I found no evidence indicating that local environmental conditions 

associated with Pueblo II Chacoan outlier communities dating to the AD 900–1150 interval 

were especially favorable for maize agriculture. This suggests that proximity to salt resources 

at Zuni Salt Lake may better explain why Pueblo II immigrants to the Carrizo Wash area 

settled where they did. The inhabitants of Pueblo II Chacoan outlier communities in the Cox 

Ranch piedmont area moved to higher elevations at Mariana Mesa in the eastern part of the 

watershed by the mid-AD 1100’s. Huckleberry and Duff (2008) concluded that this 

relocation was probably related to sustained drought during the AD 1130–1180 interval and 

that arroyo cutting did not appear to be a factor. Additional dating conducted as part of this 

dissertation study, however, indicates that extensive arroyo cutting throughout the Carrizo 

Wash watershed, including the Cox Ranch piedmont, began ~AD 1135–1175 (Appendix C), 

roughly two centuries earlier than the AD 1300–1400 age proposed by Huckleberry and Duff 

(2008). This suggests that, contrary to Huckleberry and Duff’s (2008) conclusion, arroyo 

cutting likely was a contributing factor to depopulation of the Cox Ranch piedmont area at 

the end of the Pueblo II period. It also suggests that prehistoric land-use practices—in this 

case, locally intensive maize agriculture associated with the Pueblo II population increase in 

the area—may have made the area more vulnerable to the rapid development of extensive 

arroyos. 
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Cienega Amarilla (see Appendix B) was undoubtedly a focus of latest Holocene 

prehistoric human activity, at least during times when its springs were active. It is 

conceivable that people congregated in the Cienega Amarilla area during periods of extended 

drought. Several large Pueblo II (AD 900–1150) and Pueblo III (AD 1150–1300) period 

archaeological surface sites are recorded within several kilometers of a large travertine spring 

mound at Cienega Amarilla, and buried Basketmaker II (500 BC–AD 500), Pueblo I (AD 

750–900), and Protohistoric (AD 1450–1600) period sites were discovered during this study 

at nearby Cottonwood Canyon. The presence of Basketmaker II, Pueblo I, and Protohistoric 

sites is intriguing because sites dating to these cultural periods are poorly represented in the 

surrounding area (Huber, 2005).   
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Abstract	  

 The age of volcanic eruptions at Zuni Salt Lake, a maar in the Red Hill–Quemado 

volcanic field in New Mexico, was redefined using radiocarbon and optically stimulated 

luminescence dating. Four radiocarbon ages on wood charcoal indicate two main eruptive 

phases: a violent strombolian eruption at ~13.3 ka and a later, predominantly 

phreatomagmatic eruptive phase ~11.8 ka. Five less precise luminescence ages support this 

eruption chronology. These terminal Pleistocene ages for the Zuni Salt Lake eruptions are 

younger and substantially more precise than previous argon method ages and indicate that a 

previous radiocarbon age on aquatic carbonates was anomalously old because of hardwater 

effects. The millennium or more separating the two eruptive phases suggests closely spaced, 

monogenetic events at Zuni Salt Lake. The eruptions significantly modified the landscape 

immediately surrounding the vent, including topographic and vegetation changes and 

disruption of drainages. The revised, terminal-Pleistocene age for the Zuni Salt Lake 

eruptions indicates that these volcanic events coincided with prehistoric Paleoindian human 

presence in the region. It also suggests that other Pleistocene volcanics in both the Red Hill–

Quemado field and other Jemez Lineament fields might be substantially younger than 

presently suggested by argon dating. 

 
 

Keywords: Jemez Lineament; Red Hill–Quemado volcanic field; Zuni Salt Lake; 

luminescence dating; radiocarbon dating 
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Introduction	  

Zuni Salt Lake (ZSL) maar is the northernmost and presumably the youngest vent in 

the Red Hill–Quemado volcanic field, a chain of flows, scoria cones, and maars situated 

along the Jemez Lineament between the Springerville and Zuni–Bandera volcanic fields in 

west-central New Mexico (Figure 1). A radiocarbon age of 30,000–24,000 cal yr BP (22,900 

± 1400 14C yr BP [A-739]) (Bradbury, 1967; Haynes et al., 1967) on stems of Chara sp. (an 

aquatic, calcareous algae) from ZSL lacustrine deposits 15 m above the present lake level led 

Bradbury (1967:152–153) to conclude that the ZSL maar formed prior to ~23, 000 14C yr BP 

during the late Pleistocene. Although this single date provided a maximum age for the ZSL 

maar, it has long been viewed as suspect because aquatic plants are subject to hardwater 

carbon-reservoir effects if they utilize old carbon from groundwater or limestone during 

photosynthesis (Riggs, 1984). For example, Damon et al. (1964) found that modern Chara 

sp. from Montezuma Well, a limnocrene limestone spring in Yavapai County, Arizona, had 

highly depleted 14C content (11.61 ± 0.57% modern 14C) with an apparent radiocarbon age of 

17,300 ± 400 14C yr BP (A-438) (21,930–19,900 cal yr BP). 

Several decades later, McIntosh and Cather (1994) applied 40Ar/39Ar incremental 

heating and generated a late Pleistocene age estimate of 86–114 ka for ZSL derived from 

plateau ages of 114 ± 38 ka on a volcanic bomb and 86 ± 31 ka on ring intrusive volcanic 

rocks. The low precision of these ZSL dates is typical of Ar–Ar and K–Ar dates on basalts 

younger than ~100 ka. Late Pleistocene and Holocene basalts in the western U.S. often have 

low argon yields, resulting in two sigma errors that are >50% of the mean age (Turrin et al., 

1991; Forman et al., 1994). Inherited 40Ar from the recycling or inheritance of older crystals 

incomplete gas-loss on eruption, parent-daughter mobility, and diffusive fractionation of 
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40Ar/36Ar can further contribute to the large uncertainties that often plague volcanic materials 

<100 ka old (McDougall and Harrison, 1999; Blockley et al., 2008; Schmitt et al., 2012). The 

ZSL 40Ar/39Ar ages have credible 40Ar/36Ar isochron intercepts of ~295, but high MSWD 

values of 2.7 and 5.2 suggest the possibility of 39Ar recoil and age over-estimation because of 

excess 40Ar (cf., Laughlin et al., 1994; Turrin et al., 1992).  

The ZSL crater and tephra ring are minimally dissected, and the scoria cones within 

the crater are very sparsely vegetated, steep-sided (~25–33°), and undissected (Figures 2 and 

3). Surface soils surrounding the maar are weakly developed (Patton et al., 1991:396) and 

appear on soil maps as Entisols that formed in volcanic sediments (Natural Resources 

Conservation Service, 2014). These geomorphic characteristics suggest that the ZSL maar 

might be substantially younger than 100 ka and provided the impetus for this investigation 

focused on refining the maar’s age. Specifically, we explore whether AMS 14C dating of 

organic matter not susceptible to reservoir effects, in tandem with single aliquot regeneration 

OSL dating, renders geomorphologically and stratigraphically consistent age estimates for 

the eruptive sequence that created the ZSL maar.  

Geologic	  context	  

Red Hill–Quemado volcanic field  

The Jemez Lineament is a northeast-trending zone of crustal weakness and normal 

faulting that extends from east-central Arizona to northeastern New Mexico, and it is 

associated with late Cenozoic, predominantly basaltic volcanism beginning about 15 million 

years ago (Crumpler and Aubele, 2001; Price, 2010) (Figure 1). McIntosh and Cather (1994) 
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described the Red Hill–Quemado field as perhaps the least studied of the Jemez Lineament 

volcanic fields and divided its 40+ vents into late Miocene and Plio-Pleistocene groups. They 

noted that the late Miocene vents occur in a narrow, northeast-trending linear zone without 

an apparent age trend. In contrast, the Plio-Pleistocene vents occupy a broader zone, are less 

often associated with known faults, and appear to be progressively younger to the north. 

Zuni Salt Lake maar 

Maars are volcanic craters formed by repeated, subsurface phreatomagmatic (magma-

water) explosions, resulting in a crater bottom that lies below the pre-eruptive surface 

(Valentine and White, 2012). Maars are surrounded by a low rim of pyroclastic debris and 

are fed by a pipe-like diatreme conduit (White and Ross, 2011; Valentine and White, 2012). 

The eruptions that created the ZSL maar were preceded by a ~12 km2 basalt flow that 

emanated from a fissure along a regional fault and flowed down the southern margin of the 

Carrizo Wash valley, filling topographic lows including minor tributaries (Bradbury 1967, 

1971). ZSL maar formed on the southern flank of the Carrizo Wash valley during a 

subsequent phreatomagmatic eruption when magma rising along a fissure encountered 

groundwater, resulting in a series of highly explosive eruptions that included base-surges and 

crater growth through a combination of ejection of material and collapse and slumping of the 

vent walls (Bradbury, 1971; Valentine and White, 2012). Base surges are pyroclastic density 

currents that result from the collapse of vertical eruption columns and travel outward at high 

velocities from the base of the eruptive column (Fisher and Schmincke, 1984:247–248; 

White and Ross, 2011). Over the course of tens to hundreds of explosions, maar-forming 

phreatomagmatic eruptions produce tephra rings composed of ejecta rich in fragmented 
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country rock and containing variable quantities of juvenile clasts (Fisher and Schmincke, 

1984:82; Lorenz, 2007; White and Ross, 2011; Valentine and White, 2012).  

The ZSL crater is ~2 km in diameter and ~100 m deep, with walls composed of 

Upper Cretaceous sandstone and shale of the Moreno Hill Formation (Anderson, 1994). The 

exposed Cretaceous bedrock is underlain by Triassic and Permian formations and capped by 

a 10–15 m thick Quaternary basalt flow that preceded the maar eruption (Darton, 1905; 

Bradbury, 1967; Cummings, 1968). Phreatomagmatic ash, scoria, and fragmented basalt and 

accidental material from the underlying sedimentary rock formations form a low (~35 meters 

proximal thickness) rim around the crater (Fisher and Waters, 1970) (Figure 2b). Bradbury 

(1967:Figure 16) mapped ejecta 3–10 km away from the maar and concluded that the maar 

eruptions were of short duration, followed by the formation of three scoria cones within the 

crater. Two of the scoria cones rise nearly 50 m above the crater floor and are separated by a 

third, 10-m-high cone (Figures 2a and 3).  

The maar contains a shallow saline lake (Figures 2a and 3) supported by runoff and 

saline springs that rise along fractures in the volcanic conduits underlying the maar and 

derive their salinity from Permian Supai Formation evaporites (Bradbury, 1967, 1971). The 

largest cinder cone within the maar has a crater containing a pool of saline water. A fresh 

water spring (Smith Spring) issues from the south wall of the maar (Basabilvazo, 1997), and 

Bradbury (1967:Figure 2) identified several freshwater springs along the northeastern margin 

of the present lake. ZSL lacks an outlet; however, an unnamed, entrenched ephemeral 

drainage has breached the maar tephra rim and flows into the southern side of the crater, 

forming a low fan (Figure 3). Today, the average elevation of the lake shoreline is ~1896 m. 
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However, Bradbury (1967) documented high stand deposits at ~1908–1911 m, indicating 

higher lake levels in the past. 

Methods	  

Stratigraphic sections 

Seven key profiles on Bureau of Land Management and deeded land in the vicinity of 

ZSL document the stratigraphy relevant to interpreting the sequence of events in the 

formation of the volcanic landforms (Figure 3 and Table 1). Most of these exposures were 

created by active arroyos, although two profile exposures are located along the southern, 

interior crater wall and one exposure is a roadcut. Radiocarbon and OSL dating of samples 

from these profiles allowed us to place the ZSL eruptions into a relatively high-resolution 

chronometric framework. 

Radiocarbon dating 

Radiocarbon dating is well suited for volcanic rocks younger than ~45 ka, but datable 

organic matter is often absent in contexts relevant to the age of volcanic eruptions (Laughlin 

and WoldeGabriel, 1997). Four charcoal samples recovered from the upper portions of buried 

soils mantled by tephra were analyzed using Accelerator Mass Spectrometry (AMS) 14C 

dating at the NSF-Arizona AMS Laboratory. Prior to radiometric analysis, archaeobotanist 

Karen A. Adams analyzed the charcoal samples. The samples were pretreated for 14C 

analysis with a standard acid-base-acid (ABA) procedure to remove contaminants including 
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carbonates and humic acids. All four samples were large enough to allow high-precision ages 

consisting of the weighted average of two or more targets analyzed by the spectrometer. 

Luminescence dating 

Optically stimulated luminescence (OSL) dating of five samples was undertaken 

using single aliquot regeneration (SAR) protocols (Murray and Wintle, 2003) at the 

University of Illinois at Chicago Luminescence Dating Research Laboratory. OSL ages 

reflect when electrons trapped in defects in the crystal lattice of quartz or feldspar grains 

were last released by exposure to sunlight, thermal heating, or high-pressure shockwaves 

(Aitken, 1998; Preusser et al., 2011). The SAR protocol yielded individual OSL ages by 

averaging 27 to 39 separate equivalent doses from respective aliquots of quartz grains 

(Murray and Wintle, 2003) and employing a central age model. Optical ages are reported in 

years prior to AD 1950 to facilitate comparison with calibrated radiocarbon ages. Additional 

details and figures related to OSL dating methods can be found in the Supplemental 

Materials.  

A growing number of studies over the past decade have successfully used OSL to 

date a wide variety of volcanic deposits, providing an alternative to argon dating for volcanic 

events younger than ~200 ka. Types of samples OSL-dated include baked paleosols and 

sediments underlying flows (Duffield et al., 2006; Shaanan et al., 2011); quartz-rich xenoliths 

and xenocrysts (Rittenour et al., 2012); hydroclastic tuffs (Cheong et al., 2007; Preusser et 

al., 2011; Shaanan et al., 2011); and lacustrine deposits in maar craters (Schmidt et al., 2009; 

Rieser and Wüst, 2010; Wilkins et al., 2012; Houben et al., 2013). 
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At ZSL the terracotta color of paleosols and sedimentary bedrock baked by the 

overlying basalt flow suggest that the lava sufficiently heated (≥400°C) the upper meter of 

the underlying substrate to reset the luminescence signal of quartz grains (Forman et al., 

1994:15,571–15,572; Duffield et al., 2006). In contrast, the OSL signal in ZSL maar 

lacustrine deposits was presumably reset by sunlight. Phreatomagmatic tuffs are datable by 

OSL because the base-surge tephra contains accidental grains of quartz sand derived from 

alluvium and sandstone country rock entrained during the maar eruption. The mechanism 

emptying the electron traps in phreatomagmatic tuffs could be thermal, sunlight, or high-

pressure shock waves, although some questions remain regarding whether phreatomagmatic 

eruptions produce enough heat to reset the signal (Preusser et al., 2011; Shaanan et al., 2011). 

Dating country rock disintegrated by shock waves may decrease or circumvent the effect of 

anomalous fading of the luminescence signal, which is a common feature of both feldspar 

and quartz of volcanic origin that can lead to significant underestimation of ages (Preusser et 

al., 2011). 

Results	  

Stratigraphy 

Five major stratigraphic units separated by unconformities were differentiated and 

designated A–E from oldest to youngest. Two of the units (C and D) contain laterally 

extensive substrata separated by conformable contacts that were divided into subunits 

designated by numeric subscripts. These subunits are distinct lithostratigraphic units that 

reflect significant changes in geologic processes over short time periods. 
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Figure 4 summarizes the stratigraphy and correlated deposits across the study area. 

Ash (C1), scoria (C2), and basalt (C3) cap weathered sandstone bedrock (A) along the 

southern wall of the maar crater. The tephra ring and apron surrounding the maar crater 

consist of tephra that thins radially away from the maar and caps Pleistocene alluvium (B) or 

bedrock (A). In most places, these tephra deposits were differentiated into a thin, basal layer 

of massive ash (C1), a middle unit of generally lighter colored, finer-grained, and thinly 

bedded tuff (D1), and an upper unit of alluvium (E). Deposits along the eastern margin of the 

maar crater floor are dominated by a thick accumulation of light-colored, thinly bedded tuff 

(D1) that is capped by scoria lapilli (D2) and diatomaceous marl rhythmites (D3). The 

stratigraphic units mentioned here are discussed in more detail below. 

Unit A 

Unit A consists of Upper Cretaceous sandstone of the Moreno Hill Formation 

(Anderson, 1994) exposed in the maar crater wall and at the base of some maar apron 

exposures (Figure 4). The upper part of the bedrock is weathered to varying degrees, and in 

places (e.g., profiles 10-17 and 14-7) a strongly developed paleosol formed in the bedrock 

residuum (Figure 5). At the maar crater wall study profiles, stratum A is capped by a basaltic 

lava flow (C3) that baked and reddened (Munsell 5YR 5–6/6) the underlying sandstone or 

paleosol as it cooled (Figure 5).  

Unit B 

Unit B is found on the maar apron and consists mostly of sand and silty sand alluvium 

derived from sandstone and shale bedrock comprising the surrounding uplands. Where unit B 

surfaces were especially stable, such as at profile 12-14, a strongly developed soil formed 

(Figure 6a). These strongly developed soils are characterized by thick, reddened argillic 
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horizons with strong prismatic structure, thick clay ped cutans, and common carbonate 

filaments and small nodules (Stage I+–II), suggesting that these soils formed during the 

Pleistocene. Elsewhere, unit B contains a sequence of as many as three weakly to moderately 

developed buried paleosols (compound soils) that indicate less stable surfaces with more 

episodic deposition. At profile 10-34, the uppermost unit B soil is thinner and weakly 

developed, characterized by a yellowish brown cambic horizon with moderate to weak 

angular blocky structure and stage I+ carbonates (Figure 6b). 

Unit C 

The type locality for unit C is profile 10-17, where a sequence of ash (C1), scoria 

(C2), and basalt (C3) unconformably caps unit A near the top of the southern wall of the ZSL 

maar crater (Figures 3, 4, and 5a). Here unit C1 is ~30–40 cm thick and consists of light gray, 

fine to coarse ash that is massive and somewhat consolidated. The C1 ash is overlain by a 15–

20-cm-thick layer of clast-supported scoria lapilli and coarse ash designated C2. Unit C2 is 

generally unconsolidated but in places is weakly fused. These pyroclastic deposits are capped 

by a ~10-m-thick basalt flow (C3). The basalt is generally massive, but vesicularity increases 

with depth as does the content of pebble and small cobble sandstone xenoliths. Blocks of C3 

basalt broken off from the main flow during crater wall collapse and widening are common 

lower on the crater wall slopes. The basalt contains abundant, small plagioclase laths and 

olivine phenocrysts (Bradbury, 1967). A similar sequence was documented nearby at profile 

12-16, located ~270 m to the west, but here the C1 ash is absent and the C2 scoria layer is 

thicker (~80 cm) and coarser, composed primarily of coarse lapilli and small blocks (Figure 

5b). The contacts between the unit C substrata appear conformable and the deposits do not 

appear pedogenically altered, suggesting that they were deposited over a short time period.  
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No evidence of the C3 basalt flow was noted in arroyo exposures south of the maar 

rim, but basalt outcrops north of the crater suggest that the flow spread downslope towards 

Carrizo Wash. Pyroclastic deposits correlated with units C1 and C2 were also documented in 

the tephra apron surrounding the maar crater, although C1 appears to be more widespread 

than C2 (Figure 4). Tephra correlated with C2 was found only at profile 14-7, located on the 

maar tephra apron ~3 km east of the crater. At this location, C2 is 60 cm thick and consists of 

medium-bedded, fine to coarse lapilli intermixed with a minor amount of ash. Base surge 

deposits produced by later eruptions that created the maar crater overlie the C2 scoria 

deposits at profile 14-7. Therefore, we concluded that the profile 14-7 scoria deposits must 

predate the formation of the maar crater and therefore were not correlative with lithologically 

similar D2 tephra (discussed below) related to the scoria cones on the maar crater floor. 

An ash layer similar to unit C1 at profile 10-17 in the maar crater wall unconformably 

caps paleosols formed in weathered bedrock (A) or Pleistocene alluvium (B) at all of the 

maar apron study profiles (Figure 4). This ash deposit forms a relatively continuous 15–30 

cm thick drape over the underlying paleosurface, and we interpret it to be an airfall deposit 

correlated with C1. South of the maar, where units C2 and C3 are absent, C1 deposits appear 

reworked in their upper portion, especially where they are thickest, such as at profile 10-34 

(Figure 6b). The eruptive phase that produced unit C appears to have begun with an ash 

eruption that deposited pyroclastic material at least 3 km from the vent, suggesting that these 

deposits resulted from violent strombolian eruptions, as differentiated from strombolian 

sensu stricto by Valentine and Gregg (2008).  

At profile 10-34, a 30–50-cm-thick buried soil formed in the upper part of fluvially 

reworked tephra overlying primary or minimally reworked, bedded C1 airfall ash. This soil is 
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weakly to moderately developed, with moderate to weak, prismatic structure and carbonate 

filaments (stage I). A similar soil separating the airfall ash from the overlying base-surge 

deposits was also noted in an arroyo 1.6 km southwest of the maar crater margin. In some 

places where C1 is relatively thin, minor soil formation appears to have pedogenically welded 

C1 to the underlying paleosol. In contrast, C1 tephra appears pedogenically unaltered where it 

is capped by C2 scoria, such as at profile 14-7. 

Unit D 

Unit D was differentiated into two basaltic tephra subunits (D1 and D2) and a 

diatomaceous marl (D3). The maar tephra apron is comprised primarily of unit D1 (Figures 4 

and 6), which has been described in detail by Fisher and Waters (1970:166-169). The D1 

subunit is thickest at the maar rim and becomes progressively thinner towards the distal 

portions of the apron. It is thinly and distinctly bedded and composed predominantly of ash 

and finely fragmented sedimentary rock interbedded with occasional, scoria-rich layers of 

coarse ash and very fine lapilli. These deposits are interpreted as pyroclastic base surge 

deposits associated with a phreatomagmatic, maar-forming eruption based on the presence of 

low-angle cross-bedding, round accretionary lapilli, and bomb sag plastic deformation of 

stratified deposits (Fisher and Waters, 1970; Ennis et al., 2007). The thinly bedded nature of 

unit D1 implies that the ZSL maar eruption occurred in pulses. A thin layer of scoria lapilli is 

typically found at the base of the base-surge package and suggests that the second eruptive 

phase began with magmatic eruptions that quickly transitioned to phreatomagmatic 

eruptions. ZSL base-surge deposits range in thickness from ~35 m at the maar rim (Fisher 

and Waters, 1970:166) to ~1 m several kilometers away from the maar. We did not 

systematically map the spatial extent of the D1 base-surge deposits; however, we noted base 
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surge tephra 2.3 km south, 5.5 km east, and 3.7 km west of the maar crater center. Unit D1 

surface soils appear on soil maps as Hubbell series Ustic Torriorthents that formed in 

volcanic sediments (Natural Resources Conservation Service, 2014). The weak nature of 

these soils suggests either that D1 deposits are relatively young or that erosion of the D1 

surface has impeded soil development or removed soil horizons. 

The C1 layers in maar apron exposures examined during the early phases of this study 

were all thin with a subtle, weak soil overprint. Therefore, it was initially ambiguous whether 

the contact between the C1 airfall ash and the overlying D1 base surge tephra was 

conformable or unconformable (e.g., see Figure 6a). Later discovery of the profile 10-34 

exposure, which contained a thick layer of C1 tephra, the upper part of which was reworked 

and altered by a distinct paleosol, clearly indicated that units C1 and D1 were separated by an 

unconformity and represented temporally distinct eruptive phases (Figure 6b).  

Unit D1 was also documented inside the maar crater at profile 13-6 where base-surge 

tuffs more than 10 m thick were documented (Figure 7). At this exposure, D1 is overlain by a 

~80 cm-thick scoria layer composed of very fine to medium lapilli and designated unit D2. 

This D2 deposit is thinly to medium bedded and reverse graded, and the basal 1–2 cm of 

cinders are fused suggesting a nearby eruptive source. Unit D2 is interpreted to represent 

airfall deposits associated with strombolian eruptions that created the three nearby small 

cinder cones that formed within the crater. The uppermost ~60 cm of unit D1 underlying D2 

is massive and appears reworked or disturbed. The absence of soil development on these D1 

deposits suggests that the cinder cones formed within a few decades after the maar-forming 

phreatomagmatic eruptions ended.  
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Found only within the maar crater, unit D3 conformably overlies unit D2 scoria cone 

tephra. Unit D3 comprises thickly laminated to very thinly bedded (5–25 mm) deposits with 

couplets composed of diatomaceous marl and detrital sand and mud eroded from the maar 

walls (Figures 4 and 7). Unit D3 is only ~12 cm thick at profile 13-6, exposed by a deeply 

entrenched arroyo in the eastern part of the crater bottom. At nearby profile 13-5, an eroded 

slope situated ~2 m lower in elevation and ~20 m to the west-southwest, unit D3 is as much 

as one meter thick and slightly coarser grained. It is unclear whether the deposits at the two 

exposures are contemporaneous, although they are probably similar in age. Landscape 

context, sedimentology, and fossil content indicate that D3 deposits are lacustrine rhythmites. 

The conformable contact between D2 scoria airfall deposits and D3 lacustrine deposits 

suggests that minimal time elapsed between the crater cinder cone eruptions and the 

highstand of the lake that formed in the crater. Calcareous algae are especially abundant at 

profile 13-5 where the three forms of Chara (C. globularis, C. filiformis, and C. canescens) 

present suggest alkaline water conditions. Mollusks identified as Lymnaea stagnalis were 

noted at profile 13-5, suggesting alkaline, fresh to moderately saline waters (Sharpe, 2002). 

Three ostracode species (Cypridopsis vidua, Candona patzcuaro, and Eucypris meadensis) 

were noted at profile 13-5 and four species (Limnocythere staplini, Cypridopsis vidua, 

Chlamydotheca arcuata, and Ilyocypris bradyi) at profile 13-6. While most of these species 

are associated with wide salinity ranges, the presence of E. meadensis implies at least 

periodic freshwater conditions (Forester et al., 2005) during the highstand of ZSL. Bradbury 

(1967) provides a more detailed description of the maar lacustrine deposits and the associated 

microinvertebrate assemblages. Unit D3 lacustrine deposits at profiles 13-5 and 13-6 are ~8–

10 m higher than the lacustrine deposits mapped by Bradbury (1967). 
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Unit E 

Unit E consists of lithologically varied, sandy surficial deposits (Figure 4). Some unit 

E deposits on the maar apron, such as those at profiles 14-7 and 12-14, are yellowish brown 

and appear to be alluvium derived primarily from similarly colored sedimentary bedrock 

detritus eroded from the adjacent uplands. In contrast, other unit E deposits are dark gray and 

pebbly, reflecting a high content of scoria lapilli and volcanic ash. Cindery unit E deposits 

are interpreted to represent alluvium largely derived from reworked tephra. Such scoria-rich 

deposits were documented at profile 10-34 on the maar apron, where unit E is bedded, 

contains common rounded sandstone pebbles, and infills shallow channels cut into unit D1 

base-surge deposits (Figure 6b). Scoria-rich unit E deposits were also were found on the 

eastern margin of the maar crater floor at profile 13-6. Here, massive unit E slopewash 

overlies unit D3 lacustrine deposits and is intercalated with lacustrine mud lamina near its 

base.  

Weak soils were noted in unit E deposits on the maar apron, although erosion has 

removed surface soils at many of the study profiles. Soils mapped by NRCS on the maar 

apron and presumably formed in unit E alluvium consist of Hickman series Aridic 

Ustifluvents that sometimes contain stacked sequences of weakly developed buried soils 

(Natural Resources Conservation Service, 2014). The weakly developed soils associated with 

unit E suggest a Holocene age. Unit E deposits include late Holocene paleochannels 

containing buried juniper snags inset into the older, Pleistocene units. These paleochannels 

are likely correlative to paleochannel fills ~4 km to the south, where Huckleberry and Duff 

(2008) obtained ~AD 1300–1400 radiocarbon ages on the piths of similar buried junipers. 
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Geochronology 

Dateable organic matter in stratigraphic contexts relevant to the timing of the ZSL 

eruptions is rare and was found only at profile 10-34. The scant amount of charcoal found 

was generally concentrated in the uppermost ~5 cm of the two tephra-capped paleosols 

(Figures 4 and 6b). We believe that the dated charcoal from the top of tephra-capped 

paleosols probably resulted from eruption-related fires. Bulk sediment samples were not 14C-

dated because of the presence of coal-bearing sedimentary rocks in the watershed that could 

contribute radioactively “dead” carbon to alluvial deposits and result in anomalously old 

ages. Radiocarbon dating results for the four wood charcoal samples from profile 10-34 are 

summarized in Table 2. Wood charcoal from the top of the unit B paleosol immediately 

beneath unit C1 tephra yielded an age of 13,560–13,330 cal yr BP (11,616 ±	  48 14C yr BP 

[AA-102039]), whereas charcoal somewhat deeper in the paleosol produced an age of 

15,100–14,450 cal yr BP (12,529 ±	  43 14C yr BP [AA-104627]). Charcoal from the top of the 

C1 paleosol immediately below unit D1 base-surge deposits provided radiocarbon ages of 

12,160–11,720 cal yr BP (10,230 ± 60 14C yr BP [AA-101885]) and 12,390–11,990 cal yr BP 

(10,330 ±	  44 14C yr BP [AA-102038]). These four 14C dates effectively bracket the age of the 

C1 tephra (Figures 6b and 8). Furthermore, the youngest 14C dates immediately underlying 

the C1 tephra (AA-102039) and the D1 tephra (AA-101885) probably approximate the 

maximum ages of these tephras based on the assumptions that this charcoal was likely 

produced during fires associated with the volcanic eruptions and that the charcoal came from 

live trees no more than a few centuries old when they burned. 

Five luminescence ages were determined on isolated quartz grains (Table 3). 

Weathered unit A sandstone baked by the C3 basalt flow exposed at profile 12-16 along the 



 
 

81 
 

southern rim of the Zuni Salt Lake crater yielded luminescence ages of 12,910 ±	  835	  yr 

(UIC3422) and 12,520 ±	  860	  yr (UIC3474) (Figures 4 and 5). Two other luminescence ages 

from unit D1 in profile 10-34 reflect the timing of the maar-forming eruption. The surface of 

the C1 paleosol immediately below the unit D1 base-surge deposits returned an age of 10,420 

±	  765 yr (UIC3476), providing an estimate for when the surface was last exposed to daylight 

prior to being buried by tephra (Figures 4 and 6b). An OSL age of 10,250 ±	  805	  yr	  

(UIC3421) on quartz grains from 40 cm above the base of D1 base-surge deposits supplied a 

second luminescence age estimate for the phreatomagmatic eruption. Lastly, quartz grains 

from unit D3 lacustrine deposits at section 13-5 yielded a luminescence age of 10,935 ±	  980	  

yr	  (UIC3475) for the highstand of the crater lake that formed shortly after the final 

strombolian eruptions that created the three cinder cones within the maar (Figure 4).  

The luminescence ages are significantly (by ~5-fold) less precise than the calibrated 

radiocarbon dates. Although the luminescence ages appear somewhat younger than the 

radiocarbon-based age estimates for the two eruptive phases, the 2-sigma ranges of the dates 

indicate that they are consistent (Figure 8). Because they are from the same geological 

context, the two luminescence ages for the C3 basalt flow associated with the initial eruptive 

phase can be statistically combined using the OxCal v. 4.2 program (Ramsey, 2009) to 

reduce the standard error, resulting in a luminescence age estimate of 12,720 ±	  610	  yr	  

(Figure	  8).	  The	  2-‐sigma	  range	  of	  this	  combined	  luminescence	  age	  falls	  within	  the	  2-‐

sigma	  radiocarbon-‐based	  age	  range	  estimate	  of	  13,560–13,330	  cal	  yr	  BP.	  Likewise, the 

two luminescence ages of 10,250 ±	  805	  yr	  and	  10,420	  ±	  765	  yr	  associated with the second, 

phreatomagmatic eruptive phase overlap with the 2-sigma radiocarbon-based age estimate of 

12,160–11,720 cal yr BP. The luminescence sample associated with Zuni Salt Lake 
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lacustrine highstand deposits at profile 13-5, which must post-date the phreatomagmatic 

eruption based on stratigraphic relationships, produced an age of 10,935 ±	  980	  yr,	  in	  better	  

agreement	  with	  the	  radiocarbon	  evidence	  associated	  with	  the	  second	  eruptive	  phase.	  It 

is possible that we underestimated the soil moisture associated with the UIC-3476 and -3421 

luminescence samples, which could explain why the two luminescence-based maar eruption 

ages are somewhat younger than expected. Alternatively, the luminescence dating leaves 

open the possibility that the maar eruption occurred as recently as ~10 ka. 

Discussion	  

Eruptive chronology 

We inferred a five-stage sequence for the evolution of ZSL based on the stratigraphy 

of the study exposures: (1) an initial, violent strombolian phase that blanketed exposed 

sandstone bedrock (unit A) and alluvial surfaces (unit B) with ash (unit C1), scoria (unit C2), 

and basalt (unit C3); (2) a hiatus in volcanic activity accompanied by soil formation (unit C1 

paleosol); (3) formation of the maar by a series of vulcanian, phreatomagmatic eruptions that 

blanketed the surrounding area with base-surge and airfall tephra (unit D1); (4) strombolian 

eruptions that created three cinder cones within the maar crater (unit D2); and (5) formation 

of a lake within the crater (unit D3). Radiometric dating suggests that the first, violent 

strombolian eruptive phase (unit C) occurred within the 13.5–13.1 ka interval and that the 

second, maar-forming phreatomagmatic eruptive phase (unit D1) occurred during the 12.1–-

11.5 ka interval (Figure 8).  
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The initial, explosive strombolian phase ~13.3 ka included the eruption of ash (C1), 

scoria (C2), and basaltic lava (C3). The conformable contact between the ash (C1) and the 

overlying cinders (C2) indicates that minimal time elapsed between deposition of these two 

layers (Figures 4 and 5a). The initial ashfall (C1) blanketed an area of at least 36 km2 and was 

substantially more widespread than scoria lapilli tephra (C2) erupted during subsequent lava 

fountaining. This fountaining threw spatter, cinders, and ash into the air, presumably forming 

a cinder cone. Lastly, a ~12 km2 basalt flow (C3) emanated from vents at the base of the 

cone. The ash and scoria underlying the basalt flow represent more explosive modes of 

eruption than the flow, suggesting degassing and/or decreasing viscosity of the magma over 

the course of the eruption. Most eruptions of this type occur within a span of one month to 

one year, although they may remain active for as long as 15 years (Luhr and Simkin, 1993:8; 

Elson et al., 2007). Therefore, from a geochronologic standpoint, the ash, scoria, and lava are 

effectively the same age.  

The weakly-to-moderately developed soil present locally at the top of unit C1 

separates the tephra strata (C1 and D1) associated with the two main eruptive phases and 

suggests a hiatus in volcanic activity after the initial, violent strombolian eruption. This 

period of quiescence lasted ~1000–2000 years and ended abruptly with the maar-forming 

eruption at the beginning of the second, ~12.1–11.5 ka eruptive phase (Figure 8). This 

phreatomagmatic event occurred when rising magma explosively interacted with 

groundwater. The cinder cone presumably formed during the prior ~13.3 ka eruption phase 

was destroyed by these phreatomagmatic eruptions. Ennis et al. (2007) characterized the ZSL 

maar-forming eruption as alternating between phreatomagmatic (wet) and strombolian (dry) 

styles. A phreatomagmatic event can consist of several hundred to thousands of individual 
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eruptions, and each of the pulses may be associated with a base surge bed and expansion of 

the crater by excavation and collapse (Lorenz, 2007; Valentine and White, 2012). The minor 

magmatic pulses interspersed with the more dominant phreatomagmatic eruptions could 

result from multiple vents with varied eruptive processes within the maar footprint or from 

changing magma or groundwater fluxes (Lorenz, 2007; Valentine and White, 2012).  

At the end of the second eruptive phase, the phreatomagmatic eruptions transitioned 

to magmatic strombolian eruptions that resulted in the formation of three cinder cones on the 

maar floor. Although this shift in eruptive style may have been the result of significantly 

depleted groundwater reserves, it alternatively could have been caused by shifting vents or 

changing magma or water fluxes (Valentine and White, 2012). Historical observations 

suggest that most maar eruptions last weeks to decades (Lorenz, 2007; White and Ross, 

2011). Slopewash colluvium intercalated between base surge (D1) and cinder deposits (D2) 

on the margin of the crater floor is unaltered pedogenically, implying a brief (perhaps <50 

years?) hiatus between the end of base surge pulses and the cinder cone eruptions. After the 

cinder cones formed, groundwater appears to have quickly filled the crater, forming a lake 

with water levels that approximated the local groundwater table. The resulting high stand, 

datable only by luminescence because of reservoir effects on organic matter, appears to have 

ended by ~9.5 ka. 

Geochronological implications 

The revised, terminal-Pleistocene ages of the ZSL eruptions suggest that other Red 

Hill–Quemado field vents with similar morphological traits (i.e., steep, relatively undissected 

cinder cone slopes and negligible pedogenesis) likewise may be younger than suggested 

previously by argon dating. Such vents include Red Hill (20 km southwest of ZSL) and Cerro 
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Pomo (10 km south of ZSL), both cinder cones with associated basalt flows. Red Hill has a 

K-Ar age of 1.03 ± 0.22 My (Minier et al., 1988) and a 40Ar/39Ar age of 71 ± 12 ka 

(McIntosh and Cather, 1994). Cerro Pomo has K–Ar ages of 1.35 ± 0.21 My and 0.50 ± 0.19 

My (Minier et al., 1988). Work is presently underway to refine the ages of these two vents 

using radiocarbon and OSL dating.  

Besides ZSL, only a few other Jemez Lineament eruptions—all in the adjacent Zuni–

Bandera volcanic field roughly 85 km northeast of ZSL —have radiometric ages younger 

than ~15 ka (Figures 1 and 9). These young vents include South Paxton Springs flow (15.0 ± 

1.0 ka; 36Cl), Bandera Crater (11.25 ± 0.05 ka; 14C on charcoal) and McCarty’s flow (3.15 ± 

0.07 ka; 14C on charcoal) (Laughlin et al., 1994; Laughlin and WoldeGabriel, 1997; 

Baldridge, 2004; Dunbar and Phillips, 2004). An anomalously old Ar–Ar date of 41 ± 7 ka 

on Bandera (McIntosh, 1994) was attributed to the presence of excess argon in the magma at 

the time of eruption (Laughlin and WoldeGabriel, 1997; Dunbar and Phillips, 2004). It is 

noteworthy that when the 2-sigma age range is considered, the South Paxton Springs eruption 

is similar in age to the initial ZSL eruptive phase. Similarly, the Bandera vent appears to have 

erupted shortly after the second, phreatomagmatic eruption phase of ZSL. 

Radiocarbon hardwater effects vary from system to system and even within systems 

(Ascough et al., 2011). As such, the ~20,900 cal yr BP (17,300 14C yr BP) offset documented 

in Chara sp. at Montezuma Well by Damon et al. (1964) cannot be indiscriminately applied 

to ancient ZSL Chara dates. It is interesting, however, that the ZSL reservoir effect offset of 

~16,200 cal yr BP (13,300 14C yr BP) suggested by our findings is of roughly the same order 

as the Montezuma Well offset. The ZSL offset was calculated by subtracting the ~10,900 yr 

(UIC3475) OSL age (or its ~9600 14C yr BP equivalent) from Bradbury’s (1967) ~27,100 cal 
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yr BP (22,900 14C yr BP [A-739]) date on Chara from ZSL highstand deposits. This 

calculation, however, is limited by the assumption that the highstand lacustrine deposits (D3) 

at ~1919 m elevation that were directly dated by OSL in this study are not significantly 

different in age than the lacustrine deposits at ~1911 m elevation that contained Chara 

radiocarbon dated by Bradbury (see Lake highstand section below). 

Geomorphic effects 

The ZSL eruptions significantly modified the immediately surrounding landscape, 

including topographic and vegetation change and disruption of drainages. The basalt flow 

associated with the initial eruptive phase narrowed the Carrizo Wash floodplain to the north. 

In addition, the maar rim effectively dammed any piedmont, tributary drainages flowing 

northward towards Carrizo Wash, decreasing the surface runoff catchment of Carrizo Wash 

by ~69 km2. Bradbury (1967) describes exposures of post-maar alluvium consisting of a 

sequence of reworked tephra, cinders, organic clay, silty clay, organic clay, and sandy 

alluvium that accumulated behind the southern maar rim. The clay strata contained abundant 

Succinid gastropods (Bradbury, 1967:185) indicative of moist soil conditions, but we were 

not able to find these exposures. Headward erosion probably postdating ~1 ka eventually 

breached the maar rim, allowing an ephemeral drainage to flow into the crater. Prior to the 

breaching of the southern maar rim by arroyo cutting, soil conditions south of the maar were 

undoubtedly moister than they are today.  

Wildfires ignited by hot, juvenile bombs and lapilli likely accompanied the magmatic 

eruptions (e.g., Elson et al., 2007; Lorenz, 2007). The predominantly wet nature of ZSL 

phreatomagmatic eruptions, however, probably made them less likely to cause fires. Base 
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surges, which affected an area of at least 20 km2, decimated the vegetation in their path and 

buried surface soils, many of which were well developed on stable geomorphic surfaces. 

Lake highstand 

Lacustrine deposits at profiles 13-6 and 13-5, located within the maar crater near its 

eastern wall, occur at elevations of 1921.5 ± 0.2 m and 1919.4 ± 0.2 m, respectively. The 

profile 13-6 deposits are ~25 m higher than the modern lake level (1895.9 m) and ~10 m 

higher than highstand deposits at ~1911 m previously documented and radiocarbon dated by 

Bradbury (1967) on the northeast flank of the west cinder cone. The ~1921.5 m lacustrine 

deposits in the eastern part of the crater thus appear to represent the highest documented level 

of ZSL. Although Bradbury (1967:Figure 13) apparently also documented the same 

lacustrine highstand deposits as we did at profiles 13-5 and 13-6, it appears he mapped them 

~50 m west (and downslope) of their actual location. We were able to more accurately plot 

their location and elevation using a high-precision differential GPS unit with sub-meter 

accuracy. Assuming maximum water depths of at least 1 m above the highstand deposits, we 

concluded that the maximum lake level was at least 1922 m elevation. This revision of the 

highstand lake elevation almost doubles the minimum estimated highstand lake volume 

(from 23,300,000 m3 to 42,400,000 m3, calculated using the modern topography of the crater 

bottom), as well as substantially increases the minimum depth estimate of the highstand lake 

to ~33 m. The 1922 m highstand lake covered the entire floor of the crater, a 2.3 km2 area 

roughly 3.5 times larger than the modern lake. Bradbury (1967) noted bands of coarse cinder 

lags that he interpreted as wave-sorted shoreline beaches at ~1911 m and 1897 m elevation in 

the northern part of the crater, but no distinct ~1922 m shoreline is evident. 
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The present-day salinity of ZSL, as measured by Waring and Andrews (1935), is 

~206‰ (or 20.6%), almost six times that of seawater (35‰, 3.5%) (Baseggio, 1974). The 

hypersalinity of modern ZSL water precludes it from being a viable water source for either 

humans or wildlife. Humans can periodically consume water with salinity as high as ~9.5‰ 

without it causing dehydration (Piantadosi, 2003:61), although other sources place the upper 

limit for safe human consumption at ~1.5–1.6 ‰ (Taylor, 1996; Western Australian 

Agriculture Authority, 2008). In contrast, most wildlife species are more tolerant of brackish 

water than humans and can often drink water with salinity values 5–15‰ (0.5–1.5%) without 

adverse effects (Environmental Protection Agency, 2014). Bradbury (1967) interpreted 

diatom and ostracode assemblages associated with lake highstand deposits to indicate that 

ZSL water was generally brackish even during the lake’s highstand, although he did note 

intervals that appeared to imply periodic fresher water conditions, consistent with our limited 

ostracode analysis. Even if the lake water was generally too saline to be a reliable source of 

drinking water, the freshwater springs documented by Bradbury (1967:Figure 2) along the 

lake margin may have been water sources for prehistoric humans and game. Situated on the 

maar crater’s southern margin, Smith Spring is the highest freshwater spring above the maar 

bottom. An important water source today for livestock and wildlife, these freshwater springs, 

as well as the salt precipitated along the lake shoreline, were probably also a magnet for 

prehistoric humans and game. 

Conclusions	  	  

Radiocarbon and luminescence dating provided ages that allowed us to construct an 

accurate and relatively precise chronology of ZSL volcanic eruptions that includes violent 
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strombolian eruptions at ~13.3 ka and phreatomagmatic eruptions ~11.8 ka. Our finding that 

at least a millennium separates the two ZSL eruptive phases indicates that the ZSL volcanics 

represent two co-located, monogenetic (i.e., clustered) eruptions—each associated with a 

separate magma batch—that produced overlapping eruptive products. The terminal 

Pleistocene ages we established for the eruptions indicate that prior Ar-Ar dating greatly 

over-estimated the age of ZSL and that a previous radiocarbon minimum age estimate on 

aquatic carbonates was anomalously old because of hardwater reservoir effects. Our findings 

suggest that other Pleistocene volcanics in both the Red Hill–Quemado field and other Jemez 

Lineament fields might be substantially younger than presently suggested by argon dating. 

Our findings also have implications for recurrence interval calculations and 

evaluating the risk of future eruptions along the Jemez Lineament. Prior to this study, six 

post-25 ka Jemez Lineament eruptions had been identified, all within the Zuni–Bandera 

volcanic field (Dunbar and Phillips, 2004). The addition of the two terminal Pleistocene ZSL 

eruptions decreases the recurrence interval of volcanism along the Lineament from ~4.2 ka to 

~2.8 ka.  

The tephras associated with the two ZSL eruptive phases cap paleosol surfaces that 

overlap in age with Bølling-Allerød (14.7–12.9 ka) and Younger Dryas (12.9–11.5 ka) 

chronozones, respectively (Figure 8). The nature and timing of paleoclimatic change during 

the transition between these two periods in the southwest U.S. is poorly understood 

(Ballenger et al., 2011). The well-dated ZSL paleosols afford the opportunity to determine 

the expression of terminal Pleistocene climate change in a chronometrically well-constrained 

southern Colorado Plateau record, and phytolith and pollen analysis of these soils is presently 
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underway. Preliminary results suggest warmer temperatures and summer drought during the 

Bølling-Allerød and year-round cool, wet conditions during the Younger Dryas.  

The timing of the ZSL eruptions overlaps with Paleoindian Clovis (~13.4–12.7 ka) 

and Folsom-Midland (~12.8–11.7 ka) occupations of the region (Holliday, 2000; Van West 

and Greenwald, 2005; Miller et al., 2013). The ZSL eruptions were probably visible and 

audible over a broad area, and it would have been difficult for any Paleoindians living in the 

surrounding region to remain unaware of these eruptions, especially since each of the two 

main eruptive phases probably continued for weeks to years. For any Paleoindians witnessing 

the ZSL eruption, the event was likely highly significant, evoking both fear and awe and 

leaving a lasting effect on their ideology (Elson et al., 2002; Ort et al., 2008). Matson (2007) 

argues based on linguistic evidence that the Zuni are likely descendants of Clovis 

Paleoindians. Today, Zuni Salt Lake remains sacred to the Zuni and Hopi tribes and assumes 

a central place in Zuni oral history (Bradbury 1967; Tedlock, 1992). 
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Table 1 
Zuni Salt Lake study profile locations (WGS-84 datum). 

Profile Location (latitude / longitude)  
10-17 34.43880°	  N / 108.76709°	  W 
10-34 34.42508°	  N / 108.76790°	  W 
12-14 34.43096°	  N / 108.77252°	  W 
12-16 34.43936°	  N / 108.76996°	  W 
13-5 34.44505°	  N / 108.75902°	  W 
13-6 34.44513°	  N / 108.75876°	  W 
14-7 34.44572°	  N / 108.73404°	  W 
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Table 2 
Radiocarbon ages from Zuni Salt Lake profiles.  
Lab 
number 
 

Context Depth (m) Material dated Radiocarbon age 
(14C yr BP)a 

δ13C 
(PDB) 

1σ calibrated age 
range (cal yr BP)b 

2σ calibrated age 
range (cal yr BP)b 

AA-101885 Upper part of unit C1 
paleosol below 2nd eruptive 
phase D1 tephra 

2.59 Charred wood 
(Juniperus and 
unidentifiable) 

10,230 ± 60 -23.4 12,060–11,820 12,160–11,720 

AA-102038 Upper part of unit C1 
paleosol below 2nd eruptive 
phase D1 tephra 

2.54 Charred wood 
(Juniperus) 

10,330 ± 44 -22.5 12,380–12,040 12,390–11,990 

AA-102039 Upper part of unit B 
paleosol below 1st eruptive 
phase C1 tephra 

3.84–3.87 Charred wood 
(Juniperus) 

11,616 ± 48 -23.7 13,530–13,390 13,560–13,330 

AA-104627 Lower part of unit B 
paleosol below 1st eruptive 
phase C1 tephra 

4.06 Charred wood 
(not identified) 

12,529 ± 43 -22.3 15,010–14,700 15,100–14,450 

a Radiocarbon age are corrected for carbon-isotope fractionation and standard deviations are given at one sigma. 
b INTCAL2013 (Reimer et al., 2013). 
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Table 3 
Optically stimulated luminescence (OSL) ages from Zuni Salt Lake profiles. 

aAliquots used in equivalent dose calculations versus original aliquots measured.  
bEquivalent dose calculated on a pure quartz fraction with about 100-300 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 and Roberts (2012) was used to calculated equivalent dose.   
cValues reflects precision beyond instrumental errors; values of ≤ 20% (at 2 sigma limits) 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 Activation Laboratory LTD, Ontario, Canada.   
eCosmic dose rate calculated from parameters in Prescott and Hutton (1994).   
fSystematic and random errors calculated in a quadrature are included and reported errors are at one sigma; reference year for ages is AD 1950. 
 
 
 
 
  

 Laboratory  Grain Equivalent Overdis- U Th K H20 Cosmic dose Dose rate OSL age 
Sample number Aliquotsa size (µm) dose (Gray)b persion (%)c (ppm)d (ppm)d (%)d (%) (mGray/yr)e (mGray/yr)f (yr)f 

CW-1849  UIC3421  37/40  250-355  16.93 ± 0.90  24 ± 3 1.5 ± 0.1  4.3 ± 0.1  1.04 ± 0.01  16 ± 3 0.24 ± 0.020  1.64 ± 0.08 10,250 ± 805 
CW-1860  UIC3422  39/40  150-250  33.92 ± 1.21  7 ± 1 2.1 ± 0.1  7.6 ± 0.1  1.65 ± 0.01  3 ± 1 0.07 ± 0.001  2.62 ± 0.13 12,910 ± 835 
CW-1868  UIC3474  30/30  100-150  28.89 ± 1.28  14 ± 2 1.9 ± 0.1  7.1 ± 0.1  1.33 ± 0.01  3 ± 1 0.09 ± 0.001  2.30 ± 0.12 12,520 ± 860 
CW-2037  UIC3475  27/30  150-250  8.64 ± 0.56  25 ± 4 0.6 ± 0.1  1.5 ± 0.1  0.41 ± 0.01  15 ± 3 0.28 ± 0.030  0.79 ± 0.04 10,935 ± 980 
CW-1950  UIC3476  28/30  63-100  20.25 ± 0.96  16 ± 2 2.4 ± 0.1  6.4 ± 0.1  1.02 ± 0.01  18 ± 3 0.22 ± 0.020  1.93 ± 0.10 10,420 ± 765 
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Figure	  captions	  

Figure 1. Location of Zuni Salt Lake (ZSL) maar and Jemez Lineament volcanic fields. 
Adapted from Ander and Huestis (1982). 

 
Figure 2.  Zuni Salt Lake maar (a) view into the crater from south rim looking north and (b) 

view of the maar tephra rim facing north.  
 
Figure 3.  Satellite image of Zuni Salt Lake with study profile locations.  
 
Figure 4. Schematic depictions of stratigraphic profiles. Radiocarbon ages are calibrated 

and shown as one-sigma ranges in calendar years before AD 1950. OSL ages with 
one-sigma standard errors are expressed in calendar years before AD 1950. 

 
Figure 5. Stratigraphic exposures at profiles (a) 10-17 and (b) 12-16 showing basalt flow 

(unit C3) capping baked, weathered bedrock substrate (unit A), airfall ash (unit 
C1) and scoria lapilli (unit C2) in maar crater wall. OSL dates with one-sigma 
standard errors in baked, weathered sandstone substrate reflect the age of the 
overlying basalt flow and are expressed in calendar years before AD 1950. 

 
Figure 6.  Stratigraphic exposure at profiles (a) 12-14 and (b) 10-34 showing Pleistocene 

alluvium (unit B), airfall ash (unit C1), thinly bedded base-surge deposits (unit 
D1), and redeposited tephra (E). The approximate vertical extents of the unit B 
and C1 paleosols at 10-34 are delineated. Radiocarbon ages are calibrated and 
shown in white as one-sigma calibrated ranges in calendar years before AD 1950. 
OSL ages with one-sigma standard errors are shown in yellow in calendar years 
before AD 1950. 

 
Figure 7.  Stratigraphic exposure at profile 13-6 within the maar crater showing base-surge 

deposits (D1), bedded scoria from the post-maar cinder cone eruptions (unit D2), 
laminated lacustrine high stand rhythmite (unit D3), and recent slopewash (unit 
E). Inset photograph provides a close-up view of the unit D3 lacustrine rhythmite. 

 
Figure 8.  Calibrated radiocarbon ages (black), OSL ages (gray), and inferred timing of ZSL 

eruptions. The nested brackets show 1-sigma and 2-sigma standard errors. 
 
Figure 9.  Relative ages of five known latest Pleistocene to Holocene eruptions from Jemez 

Lineament vents. 
 
Figure S1. (a) Representative regenerative dose growth curves, with inset representative 

natural shine down curve, and (b) radial plots of equivalent dose values on small 
aliquots (2-mm plate of 150–250 µm quartz fraction grains). 
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Figure 1. Location of Zuni Salt Lake (ZSL) maar and Jemez Lineament volcanic fields. Adapted from Ander and Huestis (1982).
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a. 

 
b. 
 
Figure 2.  Zuni Salt Lake maar (a) view into the crater from south rim looking north and (b) 

view of the maar tephra rim facing north.  
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Figure 3. Satellite image of Zuni Salt Lake with study profile locations.  
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Figure 4. Schematic depictions of stratigraphic profiles. Radiocarbon ages are calibrated and shown as one-sigma ranges in calendar 

years before AD 1950. OSL ages with one-sigma standard errors are expressed in calendar years before AD 1950. 
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      a.           b. 
 
Figure 5. Stratigraphic exposures at profiles (a) 10-17 and (b) 12-16 showing basalt flow 

(unit C3) capping baked, weathered bedrock substrate (unit A), airfall ash (unit C1) 
and scoria lapilli (unit C2) in maar crater wall. OSL dates in baked, weathered 
sandstone substrate reflect the age of the basalt flow. OSL dates with one-sigma 
standard errors in baked, weathered sandstone substrate reflect the age of the 
overlying basalt flow and are expressed in calendar years before AD 1950. 
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a. 

 
b. 
Figure 6.  Stratigraphic exposure at profiles (a) 12-14 and (b) 10-34 showing Pleistocene 

alluvium (unit B), airfall ash (unit C1), thinly bedded base-surge deposits (unit D1), 
and redeposited tephra (E). The approximate vertical extents of the unit B and C1 
paleosols at 10-34 are delineated. Radiocarbon ages are calibrated and shown in 
white as one-sigma calibrated ranges in calendar years before AD 1950. OSL ages 
with one-sigma standard errors are shown in yellow in calendar years before AD 
1950. 
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Figure 7.  Stratigraphic exposure at profile 13-6 within the maar crater showing base-surge 

deposits (D1), bedded scoria from the post-maar cinder cone eruptions (unit D2), 
laminated lacustrine high stand rhythmite (unit D3), and recent slopewash (unit E). 
Inset photograph provides a close-up view of the unit D3 lacustrine rhythmite. 
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Figure 8.  Calibrated radiocarbon ages (black), OSL ages (gray), and inferred timing of ZSL 

eruptions. The nested brackets show 1-sigma and 2-sigma standard errors. 
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Figure 9.  Relative ages of five known latest Pleistocene to Holocene eruptions from Jemez 

Lineament vents. 
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Supplementary	  materials	  	  

Detailed OSL methods 

Single aliquot regeneration (SAR) protocols (Murray and Wintle, 2003) were used in 

this study to estimate the apparent equivalent dose of the quartz fraction for 28 to 39 separate 

aliquots (Table 3). Each aliquot contained approximately 100 to 500 quartz grains dependent 

on grain size analyzed (Table 3) and corresponds to a 1.5 to 2.0 millimeter circular diameter 

of grains adhered (with silicon) to a 1 cm diameter circular aluminum disc. The quartz 

fraction was isolated by density separations using the heavy liquid Na–polytungstate, and a 

40-minute immersion in HF (40%) was applied to etch the outer ~10 µm of grains, which is 

affected by alpha radiation (Mejdahl and Christiansen, 1994). Quartz grains were rinsed 

finally in HCl (10%) to remove any insoluble fluorides. The purity of each quartz separate 

was evaluated by petrographic inspection and point counting of a representative aliquot; this 

procedure was repeated if samples contained >1% of non-quartz minerals. Also, the purity of 

quartz separates was tested by exposing aliquots to infrared excitation (845 ± 4 nm), which 

often preferentially excites feldspar minerals. Samples measured showed weak emissions 

(<200 counts/s), at or close to background counts with infrared excitation, and ratio of 

emissions from blue to infrared excitation of >20, indicating a spectrally pure quartz extract 

(Duller et al., 2003).  

A series of experiments was performed to evaluate the effect of preheating at 200, 

220, 240 and 260° C for isolating the time-sensitive emissions and assessing thermal transfer 

of the regenerative signal prior to the application of SAR protocols (see Murray and Wintle, 

2003). These experiments entailed giving a known dose (10 Gy) and evaluating which 
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preheat resulted in recovery of this dose. There was concordance with the known dose (10 

Gy) for preheat temperatures above 220° C with an initial preheat temperature used of 240° 

C for 10 s in the SAR protocols. A “cut heat” at 160°C for 10 s was applied prior to the 

measurement of the test dose and a final heating at 280° C for 40 s was applied to minimize 

carryover of luminescence to the succession of regenerative doses (Table S1). A test for dose 

reproducibility was also performed with the initial and final regenerative dose of ~16 Gy 

yielding concordant luminescence responses (at one-sigma error) (cf. Murray and Wintle 

2003). 

Typical OSL shine-down curves for quartz grains are shown in Figure S1. The curve 

shapes show that OSL signal is probably dominated by a fast component, with the OSL 

emission decreasing by 90 to 95% during the first 4 seconds of stimulation. The regenerative 

growth curves are modeled by using the exponential plus linear form. For many aliquots the 

regenerative growth curves (Figure S1) show that (1) the recuperation is close to zero; (2) the 

recycling ratio is consistent with unity at 1σ; (3) the natural Lx/Tx ratio is well below 20% of 

the saturated level. The few aliquots removed were because of unacceptable recycling ratio, 

low emissions of the natural (<300 counts/s at peak) and De values at or close to saturation 

with errors of >10%. Error analysis for equivalent dose calculations assumed measurement 

error of 1% and Monte Carlo simulation repeats of 2000. Recuperation is lower than 2% for 

all samples, which indicates insignificant charge transfer during the measurements. These 

favorable luminescence characteristics for a majority of aliquots indicate that credible 

equivalent dose values for these sediments can be determined by the SAR protocol. 

The SAR protocols yielded individual OSL ages by averaging 28 to 39 separate, 

equivalent doses from respective aliquots of quartz grains (Murray and Wintle, 2003). 
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Equivalent dose distributions are log normal and the scatter in the data is quantified with 

overdispersion values (Table 3; Figure S1). An overdispersion percentage of a De distribution 

is an estimate of the relative standard deviation from a central De value in context of a 

statistical estimate of errors (Galbraith et al., 1999; Galbraith and Roberts, 2012). A zero 

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

values within 2σ errors. However, the lowest reported overdispersion values are about 4 to 

6% reflecting inescapable systematic and random errors in equivalent dose determination. 

Overdispersion values between 5 and 20% are routinely assessed for quartz grains that are 

well solar reset, like eolian sands (e.g., Olley et al., 2004; Wright et al., 2011) and this value 

is considered a threshold metric for calculation of a De value using the central age model of 

Galbraith et al. (1999). However, some studies have concluded that overdispersion values 

between 20 and 32% may reflect a single De population, particularly if the De distribution is 

symmetrical, with the dispersion related to variability associated with micro-dosimetry 

and/or sedimentary processes (e.g., Arnold and Roberts, 2009). In this study overdispersion 

values for equivalent doses were at or below 20% (at one sigma) and considered one 

population of ages. Computing equivalent dose values with other statistical analysis, such as 

the minimum age, maximum age and a finite mixture model (Galbraith and Roberts, 2012) 

yielded highly similar equivalent dose values that overlap at one sigma with values by the 

central age model. Optical ages are reported in years prior to AD 1950 to facilitate 

comparison with calibrated radiocarbon dates (Table 3).  

The environmental dose rate is critical measurement for calculating a luminescence 

age, which is an estimate of the exposure of quartz grains to ionizing radiation from the 

decay of the U and Th series, 40K, and cosmic sources during the burial period. The U, Th 
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and K concentrations are determined by inductively coupled plasma mass spectrometry (ICP-

MS) by Activation Laboratory LTD, Ontario, Canada. The beta and gamma doses were 

adjusted according to grain diameter to compensate for mass attenuation for the dose rate 

(Fain et al., 1999). The U, Th and K2O content was determined for the bulk sediment to 

calculate the dose rate. A cosmic ray component that accounts for location, elevation and 

depth of strata sampled is between 0.07 and 0.24 mGy/yr and is included in the estimated 

dose rate (Prescott and Hutton, 1994). There is uncertainty in assessing the moisture content 

of a sample during burial. We estimated moisture contents taking into account present 

moisture content values, particle size characteristics, inferred past water table fluctuations, 

and recent channel entrenchment. 
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Table S1 
Single aliquot regeneration protocols. 

Step Treatment 
1 Natural dose or give beta dose 
2 Preheat 240oC for 10 s 
3 Stimulate with blue light (470 nm) for 40 s at 125oC 
4 Give beta test dose (6.6 Gray) 
5 Preheat 160oC for 10 s 
6 Stimulate with blue light (470 nm) for 40s at 125oC 
7 Stimulate with blue light for 40 s at 280oC 
8 Return to step 1 
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Figure S1. (a) Representative regenerative dose growth curves, with inset representative 

natural shine down curve, and (b) radial plots of equivalent dose values on small 
aliquots (2-mm plate of 150–250 µm quartz fraction grains). 
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Abstract	  

 Alluvial and ground-water discharge deposits at Cienega Amarilla in west-central 

New Mexico contain a 4000-year record of hydroclimatic change on the southern Colorado 

Plateau. Six stratigraphic units at Cienega Amarilla and nearby Cottonwood Canyon include 

alluvial, intermittent wet meadow, marsh, and travertine spring mound facies. These were 

placed in a chronometric framework by 44 14C dates primarily from short-lived organic 

matter. Spring discharge was greatest and water tables most elevated ~2.3–1.6 ka, followed 

by a sudden and pronounced decline from 1.6–1.0 ka. The timing of enhanced spring 

discharge matches many records in the southwestern U.S. and closely parallels trends 

indicated by proxy records of El Niño strength and frequency. The shift back to runoff-

dominated floodplain processes by ~1 ka coincides with the persistently droughty Medieval 

Climatic Anomaly in this region and may be related to arroyo formation higher in the 

drainage catchment. Spring discharge at Cienega Amarilla appears to increase in response to 

greater El Niño frequency and intensity and associated increased winter precipitation. 

Cienega Amarilla’s unique wetland resources made it a focus of latest Holocene human 

activity, including Basketmaker II (500 BC–AD 500), Pueblo I (AD 750–900), and 

Protohistoric (AD 1450–1600) period sites poorly represented elsewhere in the surrounding 

area. The ~2.3–1.6 ka period of peak Cienega Amarilla groundwater discharge appears linked 

to enhanced El Niños throughout the Southwest region that were likely a catalyst for 

prehistoric cultural changes including increased dependence on agriculture and sedentism. 

 
 

Keywords: Late Holocene; Paleowetlands; Geomorphology; Paleoclimatology; Colorado 

Plateau; Carbon-14; ENSO variability  
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Introduction	  

Holocene spring mounds are rare hydrogeologic features in the southwestern U.S. 

Cienega Amarilla is a large, late Holocene travertine spring mound with associated wetland 

deposits located on the southern Colorado Plateau in west-central New Mexico near the 

Arizona state line (Figure 1). Past shifts in spring discharge often reflect paleohydrological 

and paleoclimatic variability (Kreamer and Springer, 2008; Pigati et al., 2014), and the 

Cienega Amarilla stratigraphic record—which includes both alluvium and several types of 

ground-water discharge (GWD) deposits—is an important archive of local and regional 

paleoenvironmental and hydroclimatic change. GWD deposits can provide information 

regarding the timing and magnitude of episodes of high water table conditions related to past 

moister and/or cooler conditions (Pigati et al., 2014). A distinct period of rapid travertine 

spring mound growth and wetland expansion at Cienega Amarilla signifies a late Holocene 

interval of elevated water tables and enhanced spring discharge. The Cienega Amarilla 

record is significant because of its potential to help clarify the relationship between past 

climate and hydrologic systems on the southern Colorado Plateau, including the underlying 

causes of past floods, droughts, and erosional episodes, as well as possible effects of future 

climate change on limited water resources. 

Because low-intensity winter rains and snow are more effective than high-intensity, 

summer rains in recharging water tables (Eastoe et al., 2004; Wagner, 2006; Haynes, 2008; 

Wagner et al., 2010), the overarching objective of this study was to evaluate the hypothesis 

that the Holocene hydroclimatic history of Cienega Amarilla spring discharge was driven 

largely by variations in El Niño frequency and intensity and the resultant variations in winter 

precipitation. Accomplishing this goal required establishing a high-resolution (centennial-
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scale) chronostratigraphic framework and reconstructing the associated local 

paleoenvironmental conditions. This effort included identifying the ground-water discharge 

and alluvial units and facies at Cienega Amarilla by selectively utilizing pollen, gastropod, 

ostracode, and soil analyses and establishing the timing of environmental shifts with 

extensive radiocarbon dating. 

Geologic and hydrological context 

The Cienega Amarilla study area lies within the watershed of Carrizo Wash, a 

headwater tributary of the Little Colorado River (Figure 1). Cienega Amarilla is situated at 

~1930 m elevation, immediately below the confluence of Cottonwood Canyon and LA Draw. 

This study focuses on a 1.4 km-long reach of Cienega Amarilla and a 600-m-long reach of 

Cottonwood Canyon located ~3 km south and ~40 m higher in the watershed. The ~1500 

km2 Cienega Amarilla watershed extends to elevations of 2860 m and constitutes roughly 

one-quarter of the Carrizo Wash watershed. The undefined groundwater capture zone feeding 

the Cienega Amarilla springs, however, does not necessarily coincide with the surface 

drainage basin extent. 

The ~3-m-high travertine spring mound at Cienega Amarilla presently covers a 9-

hectare area and is inactive (Figure 2a). The mound covered an estimated 14 hectares prior to 

the historical-period arroyo cutting during the late 19th or early 20th century, which removed 

the mound’s western margin. Today the Cienega Amarilla floodplain is entrenched by an 

arroyo as much as 11 m deep and 80 m wide. In contrast, arroyos in Cottonwood Canyon are 

substantially narrower and typically less than 5 m deep (Figure 2b). According to a local 

rancher (Mr. Clifford Thorn), arroyo cutting began in the 1890s when heavy rains triggered 

gullying of wagon trail ruts created by early homesteaders running sheep in the area. This is 
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consistent with repeat photography indicating that the nearby Zuni River ~50 km to the north 

entrenched between 1879 and 1899 (Hall, 2014). Incision of the Cienega Amarilla floodplain 

probably caused springflow at the mound orifice(s) to cease, but a series of springs presently 

issue from the arroyo bottom into confined pools and marshes, resulting in perennial flow 

along a 2–3-km-long reach of the drainage. 

Streams in the lower elevation areas of the Carrizo Wash watershed are characterized 

by ephemeral flow (Basabilvazo, 1997:12), and the perennial reach at Cienega Amarilla is a 

unique exception. Cienega Amarilla presently supports a narrow corridor of riparian and 

aquatic plants contained within its entrenched channel, including willow, cottonwood, 

tamarisk, bulrush, cattail, sedges, and a variety of herbaceous plants and grass species. These 

wetland phreatophytes differ dramatically from the surrounding xeric vegetation dominated 

by saltbush, grasses, and juniper. The travertine spring mound also supports an unusual 

vegetation community that includes desert olive, squawbush, and wolfberry. 

Bedrock in the Cienega Amarilla vicinity consists primarily of Triassic Chinle 

Formation capped by Upper Cretaceous Dakota Sandstone. These sedimentary rock units dip 

slightly (1°) to the north, forming the northern limb of a gentle anticline (O’Brien, 1956). 

The hydrostratigraphic and geological conditions that give rise to the Cienega Amarilla 

springs have not been studied, but O’Brien (1956) differentiated a lenticular sandstone 

member between two shale members of the Chinle Formation that may contain a confined 

aquifer feeding the springs. Although geologic maps (O’Brien, 1956; New Mexico Bureau of 

Geology and Mineral Resources, 2003) and satellite imagery show no evidence of faulting at 

Cienega Amarilla, northeast-trending normal faults have been documented 13 km to the 
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southeast (Chamberlain et al., 1994), and it is possible that the Cienega Amarilla springs are 

related to undocumented faulting. 

Climate  

The modern climate in the Cienega Amarilla area is semiarid and mesic, with 

moderately seasonal precipitation and strongly seasonal temperatures. Precipitation usually 

exhibits a weakly bimodal pattern, with more than half resulting from summer monsoonal 

thunderstorms between July and September (Western Regional Climate Center, 2015). 

Cienega Amarilla lies on the boundary between the Gulf of Mexico and Gulf of California 

source areas of monsoonal moisture (Sheppard et al., 2002). Runoff occurs primarily in 

response to often localized and intense summer monsoon storms, as well as to infrequent, late 

summer or early fall tropical cyclones from the eastern Pacific that sometimes result in 

widespread, unusually heavy rainfalls (Smith, 1986; Dean, 1988; Adams and Comrie, 1997). 

Winter precipitation is tied to the El Niño Southern Oscillation (ENSO), which is driven by 

fluctuations in sea-surface temperatures and surface air pressure between the east and west 

tropical Pacific Ocean (Andrade and Sellers, 1988). During El Niño events, the southwestern 

U.S. experiences wetter, cooler winters, whereas La Niña events cause relatively drier and 

warmer winter conditions in this region (Kiladis and Diaz, 1989). During El Niño years for 

the 1895–1996 period, the climate division containing Cienega Amarilla received 167% more 

December–March precipitation than during non-El Niño years (Guido, 2010). 

Investigations regarding possible effects of El Niño on monsoon rainfall are 

contradictory (Sheppard et al., 2002), although Harrington et al. (1992) suggested a weaker 

monsoonal pattern during El Niño events and Webb and Betancourt (1992) proposed a 

correlation between El Niño events and tropical storms. The central and eastern tropical 
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Pacific Ocean is also influenced by the Pacific Decadal Oscillation (PDO), which alternates 

between warmer and colder phases every 20 to 30 years, in contrast with the 2 to 10 year 

ENSO cycle. Colder PDO phases are linked to winter drought in the Southwest, but warm 

PDO phases can enhance El Niño events in the southwest (Sheppard et al., 2002). 

Even though the winter precipitation peak is generally smaller than the summer peak 

in the study area, winter moisture is hydrologically more important than summer rains 

because winter storms are usually more widespread, less intense, and of longer duration, and 

more of the moisture soaks into the ground or falls as snow (Bryson and Hare, 1974, 

Trewartha, 1981, Barry and Chorley, 1998). Although summer rains are more variable 

spatially, annual summer rainfall amounts are consistent such that unusually wet years are 

mostly the result of above average winter precipitation (Sellers and Hill, 197; Dean, 1988). 

Cienega Amarilla likely experienced prehistoric periods with significantly greater 

winter precipitation than is characteristic of the historical climate record. The study area falls 

near the boundary with areas to the west that presently receive more winter precipitation and 

have a more bimodal precipitation pattern (Dean, 1988:Figure 5.1; Dean, 1996:Figure 5). The 

boundary between the two precipitation patterns is determined by the relative strengths of the 

air masses that bring winter and summer moisture, and accordingly its location has shifted 

over time (Dean, 1988).  

O’Brien (1956) observed that the springs near the Cienega Amarilla travertine mound 

were dry during the summer of 1955. The 1950s were a noted period of drought throughout 

the southwest, but summers during this period experienced anomalously large amounts of 

rainfall, including very wet summers in 1953–1955 in the study area vicinity (Sheppard et al., 

2002; Woodhouse et al., 2010; Western Regional Climate Center, 2015). Therefore, it 
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appears that Cienega Amarilla spring discharge is fed primarily by winter precipitation and 

responds quickly to shifts in winter precipitation patterns.  

Methods	  

The fieldwork effort involved documenting stratigraphic profiles at both Cienega 

Amarilla and Cottonwood Canyon. Three study profiles are located along the western margin 

of the Cienega Amarilla spring mound where modern arroyo cutting and widening has 

destroyed part of the mound (Figure 2a). Five other study profiles are located upstream and 

southeast of the spring mound. Eight study profiles are on the western margin of the 

Cottonwood Canyon floodplain, located ~3 km south of the Cienega Amarilla spring mound 

area (Figure 2b). Table 1 contains Cartesian coordinates of these profiles. Profile descriptions 

included sediment texture, color, pedogenic alteration, stratigraphic boundaries, and any 

archaeological or biologic material present. Allostratigraphic units were designated based on 

bounding discontinuities that were often demarcated by buried soils. These units were 

correlated across space by physical tracing, lithostratigraphic characteristics, radiocarbon 

ages, and temporally diagnostic archaeological artifacts. Arroyos formed during the historical 

period provided extensive natural exposures ranging in depth from 1–11 m below the pre-

entrenchment floodplain. Profile locations were selected primarily on the basis of 

accessibility and the presence of fresh, vertical exposures and dateable material. Where 

necessary, an extension ladder or rappelling gear aided access to the upper portions of 

stratigraphic sections. Samples collected for laboratory analysis and dating included 

sediment, plant macrofossils, and minute gastropods.  
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Forty-four radiocarbon (14C) ages, augmented by temporally diagnostic prehistoric 

ceramics, provide age control for the alluvial sequences. Prior to destructive 14C dating, 

archaeobotanist Karen Adams examined and identified the macrobotanical samples. Short-

lived plant parts (e.g., seeds, stems, and twigs) were preferentially selected and included 

material from archaeological features (e.g., hearths and roasting pits) and detrital 

macrofossils found in non-archaeological contexts. Charcoal 14C pretreatment consisted of 

the standard acid–base–acid (ABA) protocol. Pretreatment of carbonate gastropod shells 

involved sonication in milli-Q water and then in 3% H2O2, followed by multiple rinses with 

milli-Q water. The NSF-Arizona Accelerator Mass Spectrometry Laboratory performed the 

radiocarbon analyses. The OxCal v. 4.2 program (Ramsey, 2009) utilizing the IntCal13 

calibration curve (Reimer et al., 2013) was used to convert radiocarbon ages to calendar 

years.  

Ten pollen samples from Cienega Amarilla, including two modern surface samples 

and eight subsurface samples collected from arroyo wall exposures, were processed at 

Northern Arizona University and analyzed by palynologist Susan Smith using the methods 

detailed in Smith (1998). Past floodplain vegetation in the spring mound vicinity was inferred 

by comparing fossil pollen assemblages to modern surface samples from (1) a wetland area 

within the entrenched modern arroyo channel and (2) the more xeric valley floor terrace. 

Manuel Palacios-Fest of Terra Nostra Earth Sciences Research analyzed two Cienega 

Amarilla sediment samples for molluscs, ostracodes, and algae, processing the samples using 

procedures detailed in Forester (1988) and Palacios-Fest (1994). 

Select sediment and soil samples were analyzed for organic carbon content using the 

dichromate (Walkley-Black) method (Janitzky, 1986), calcium carbonate content using gas 
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manometry with a Chittick apparatus (Machette, 1986), and gypsum content using the 

gypsum–bassanite phase change method (Lebron et al. 2009). Initial organic carbon results 

were multiplied by 1.33 to correct for the systematic incomplete digestion (~76%) of the 

organic matter (Walkley and Black, 1934; Schumacher, 2002).  

Alluvial	  stratigraphy	  and	  geochronology	  

Six allostratigraphic units were identified and documented at the study exposures and 

designated Roman numerals I–VI from oldest to youngest (Figures 3 and 4). Radiocarbon 

dating results are summarized in Table 2, and these dates and the resulting chronologic 

framework are depicted schematically in Figure 5. 

Stratum I 

At Cienega Amarilla, stratum I was exposed in only two study profiles (11-37 and 11-

4) where it consists of ~1.5 m of gray silty clay alluvium that unconformably caps sandstone 

bedrock (Figures 3 and 6). It is weakly altered by a cumulic soil with slight organic 

enrichment, and a moderate amount (~10%) of finely disseminated groundwater carbonate 

(Figure 7; Table 3). Associated wood charcoal provides an age of 3480 ± 28 14C yr BP. Plant 

macrofossils include sparse detrital bulrush (Scirpus sp.) seeds and Populus sp. 

(cottonwood/willow) charcoal. Pollen from stratum I is very similar to the modern floodplain 

signal (Figure 8) and the dominant Cheno-am signal is attributed primarily to four-wing 

saltbush (Atriplex canescens), suggesting that saltbush-grassland community vegetation 

dominated the floodplain during stratum I deposition.  
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Stratum I deposits at Cottonwood Canyon consist of  >2 m of weakly soil-altered 

sandy mud alluvium that appears slightly coarser and less organic-enriched than correlative 

stratum I deposits at Cienega Amarilla (Figure 4; Table 3). Stratum I at Cottonwood Canyon 

represents a better-drained and slightly higher energy fluvial environment than 

contemporaneous deposits at Cienega Amarilla. A radiocarbon age on charred juniper wood 

from an archaeological thermal feature at the stratum’s upper contact suggests that stratum I 

deposition at Cottonwood Canyon ended prior to 3350 ± 23 14C yr BP.  

Stratum II 

Stratum II was exposed at most Cienega Amarilla profiles, but was absent at 

Cottonwood Canyon study exposures (Figures 3 and 4). At Cienega Amarilla, unit II consists 

of a 2–4.5-m-thick package of sandy stream alluvium interbedded with mud layers that 

decrease in thickness and frequency with depth. The texture of Stratum II is variable, but 

poorly sorted sand and silty sand is predominant in the lower portion and clay dominates the 

upper part. Where the uppermost stratum II clayey layer is not erosionally truncated, it 

contains a weak soil with minor organic enrichment, blocky structure, and, in places, minor 

amounts of calcium carbonate and gypsum precipitates (Figure 7; Table 3). Some of the 

deeper, clayey beds are laminated while others show evidence of very weak pedogenesis, 

implying episodic deposition. Radiocarbon ages associated with stratum II range from 2506 

± 24 14C yr BP near the stratum base to 2430 ± 80 14C yr BP at the top (Figure 6). These ages 

suggest that stratum II alluvium accumulated very rapidly, perhaps over the course of one or 

two centuries. Detrital plant remains in stratum II are sparse and include cottonwood/willow, 

greasewood, grass, and bulrush macrofossils. Pollen from the upper portion of stratum II 

contains substantially lower concentrations of Cheno-ams, as well as increased grasses and 
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the appearance of sagebrush and bulrush (Figure 8). Shells of Succinids, a small semi-aquatic 

gastropod, are scattered throughout stratum II (Figure 3; Table 4). 

Stratum III 

Stratum III is ubiquitous at both Cienega Amarilla and Cottonwood Canyon 

exposures. It is typically ~3 m thick at Cienega Amarilla, but it is generally thinner at 

Cottonwood Canyon. At the Cienega Amarilla spring mound, stratum III consists primarily 

of spring travertine and tufa facies, whereas muddy paludal facies are predominant in the 

floodplain areas surrounding the spring mound. In contrast, stratum III at Cottonwood 

Canyon consists entirely of fluvial deposits. Stratum III was divided into three subunits—

IIIa, IIIb, and IIIc—to facilitate its description and interpretation. 

IIIa 

At Cienega Amarilla, stratum IIIa is a ~0.1–1.0-m-thick fluvial deposit of sand to 

muddy sand that is sometimes interbedded with mud or sandy mud (Table 3). It defines the 

base of stratum III and serves as a distinct marker horizon identifiable at most of the Cienega 

Amarilla study profiles (Figures 3 and 6). Stratum IIIa is 0.3–1.7+ meters thick at 

Cottonwood Canyon exposures, where it consists mostly of sand often containing pebble 

lenses (Figure 4; Table 3). At Cienega Amarilla, the age of stratum IIIa is bracketed by dates 

of 2430 ± 80 and 2452 ± 29 14C yr BP immediately below and above it, respectively (Figure 

3). Stratum IIIa might represent a single storm, although the presence of a possible 

archaeological thermal feature within this unit at Cienega Amarilla suggests that multiple 

precipitation events might be represented. Whatever the case, the period of stratum IIIa 

deposition was probably limited to several decades and well under a century.  
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IIIb 

Peripheral to the Cienega Amarilla spring mound, stratum IIIb deposits are dominated 

by clayey groundwater discharge deposits (Figure 3). Stratum IIIb was examined in detail 

only at profile 11-37, where the most lithological variation was apparent and a fresh exposure 

could be safely accessed and examined. Here, IIIb was further subdivided into IIIb1–IIIb4 to 

facilitate discussion (Figure 6). 

The lowermost ~50 cm of this subunit at profile 11-37 is designated IIIb1 and consists 

of gray, clay-rich deposits with organic matter concentrations and groundwater-table 

carbonate and gypsum precipitates similar to upper stratum II (Figures 6 and 7; Table 3). The 

base of IIIb1 appears slightly oxidized and yielded an age of 2277± 36 14C yr BP. Above this 

is a ~60-cm-thick, organic-rich “black mat” (IIIb2) consisting of multiple thin beds 

containing varying amounts of plant matter, including both decomposed humic material and 

uncharred plant macrofossils that constitute a significant proportion of the sediment volume 

in the most organic-rich deposits. The IIIb2 black mat was formed between 1934 ± 29 14C yr 

BP and 1759 ± 25 14C yr BP, with the most organic-rich portion predating 1833 ± 36 14C yr 

BP. Organic carbon content of the black mat varies, but the highest values are ~2%. Plant 

remains in IIIb2, consisting mostly of bulrush achenes and pollen, indicate emergent aquatic 

floodplain vegetation, and the unidentifiable stem fragments ubiquitous throughout the layer 

are likely also bulrush (Figure 8).  Faunal remains within IIIb2 at 11-37 include snail and 

ostracode species indicative of marshy conditions (Table 4). From the base of IIIb1 to the 

sharp upper boundary of the IIIb2 black mat, a trend of decreasing calcium carbonate, 

increasing gypsum, and increasing organic carbon is evident. Gypsum content ranged from 
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3.7–16.6% and occurred as tiny clumps of intergrown lathe crystals, whereas carbonate 

content ranged from ~4–13% and occurred as small soft masses.  

Above the black mat is a ~50-cm-thick, light olive gray layer (IIIb3) of very thinly 

bedded clay (Figure 6; Table 3). Although this horizon’s color and texture resembles wetland 

marl deposits (cf. Pigati et al., 2014), it has a relatively low content of water-table carbonate 

(~5–6%). Plant macrofossils are much scarcer than in the IIIb2 black mat, but enough bulrush 

achenes could be separated for radiocarbon dating of the base (1614 ± 25 14C yr BP) and top 

(1372 ± 38 14C yr BP) of this horizon. Pollen from IIIb3 is dominated by bulrush, but a 

notable increase in non-aquatic plant types is evident, including a significant increase in 

grasses. 

Stratum IIIb4 forms the upper part of IIIb in off-mound areas and consists of pinkish 

gray clay with peak water-table carbonate content (~19%), continued high gypsum (~12–

14%), and a few very thin, wispy bands darkened by fine charcoal (Figures 6 and 7; Table 3). 

These charcoal concentrations, which do not appear to represent cultural features or in situ 

burning, probably represent charcoal washed onto the floodplain after a wildfire on the 

adjacent hillslopes. The age of IIIb4 is constrained by underlying dates of 1417 ± 36 14C yr 

BP and 1372 ± 38 14C yr BP, and wood charcoal from one of the dark bands in the middle of 

this layer provided an age of 1357 ± 27 14C yr BP. Sunflower family grains dominate IIIb4 

pollen, with substantially decreased concentrations of grass and bulrush. Lower overall 

pollen concentrations in this horizon could signify lower density vegetation or a rapid 

depositional rate.  

Where the present-day arroyo has cut through the margin of the spring mound, 

stratum IIIb is dominated by several groundwater carbonate facies (Figures 3 and 9; Table 3). 
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Very thinly bedded alluvial deposits composed of sand and detrital tufa clasts are common. 

Many of the alluvial beds are black mats, darkened by organic-rich sediment containing plant 

macrofossils, including some partially decomposed stems (bulrush?) still oriented in upright 

growth positions suggestive of burial by very rapid, episodic deposition. The alluvium is 

interbedded with travertine layers that formed in situ. These travertine beds are typically <30 

cm thick and consist primarily of spongy tufa with vertically oriented voids that appear to 

have formed around reedy vegetation (Figure 9b). Some of the travertine strata, however, are 

dense and laminar flowstones, whereas others are comprised of powdery wetland marl. 

Travertine deposition at the spring mound began shortly after 2350 ± 30 14C yr BP and 2272 

± 30 14C yr BP. Tufa formation and spring mound building appear to have been most rapid 

between 2210 ± 32 14C yr BP and 1769 ± 25 14C yr BP. Bulrush achenes and stems 

tentatively identified as bulrush are abundant and dominate plant macrofossils in the 

travertine-rich deposits. Gastropods and ostracodes from IIIb spring mound deposits dating 

2210 ± 32 14C yr BP include a variety of snails and ostracodes, including aquatic, semi-

aquatic, and terrestrial species (Table 4).  

At Cottonwood Canyon, stratum IIIb consists of a 20–40-cm-thick layer of weakly 

soil altered muddy sand (Figure 4; Table 3). The presence of a Succinid shell in this alluvium 

suggests moist surface conditions (Table 4). Stratum IIIb contains cultural deposits 

associated with buried site LA170848. Charcoal from archaeological features at the IIIb 

upper contact provides ages of 2128 ± 21, 2140 ± 36, and 2138 ± 2114C yr BP, indicating that 

IIIb deposition at Cottonwood Canyon ended by ~2100 14C yr BP and that these features date 

to the early Basketmaker II period (500 BC to AD 500). 
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IIIc 

In Cienega Amarilla floodplain areas adjacent to the spring mound, the top of stratum 

III consisted of a weakly developed, thin cumulic soil formed in grayish brown clayey parent 

material and was designated IIIc (Figures 3 and 6; Table 3). Three radiocarbon dates ranging 

from 1252 ± 26 14C yr BP to 1085± 18 14C yr BP provide age control. Subunit IIIc is less 

calcareous than the underlying alluvium but contains similar amounts of gypsum and organic 

carbon (Figure 7). The IIIc pollen record is nearly identical to that of IIIb, except that bulrush 

pollen completely drops out (Figure 8). Succinids were locally common in IIIc deposits at 

profile 11-4 (Table 4).  

The IIIc substratum at Cottonwood Canyon consists of alternating layers of sand and 

mud deposited after a millennium-long hiatus (Figures 4 and 5). The bedding of the 

uppermost mud layer is obliterated by the formation of a weak soil (Table 3). Temporally 

diagnostic prehistoric ceramics sherds found at the IIIb–IIIc contact at Cottonwood Canyon 

site LA170848 suggest that IIIc deposition post-dates A.D. 800 (Figure 4). Radiocarbon 

dates on archaeological feature charcoal (1149 ± 29 and 1164 ± 28 14C yr BP) and midden 

deposits (1178 ± 2914C yr BP) within IIIc at this site indicate active alluvial deposition 

around 1100–1200 14C yr BP and a Pueblo I (AD 750–900) period presence in the area. 

Stratum IV 

On the Cienega Amarilla floodplain surrounding the spring mound, stratum IV is 

generally 50–70 cm thick and is composed of fluvial sand overlain by mud (Figures 3 and 6). 

The mud contains a weak, grayish brown to pinkish gray soil with some organic enrichment 

and only a trace of gypsum (Figure 7; Table 3). The carbonate content is relatively high 

(~11%) but consists mostly of finely disseminated material that does not appear to be 
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pedogenic in origin. In some profiles this soil includes a distinct 1–2-cm-thick zone with a 

high concentration of burned grass stem macrofossils. Charred C4 grass stems from this layer 

provided radiocarbon ages of 929 ± 27 14C yr BP and 830 ± 70 14C yr BP. A ceramic sherd 

found at the bottom of the burned layer implies that the lower, sandy portion of IV predates 

AD 1000. The stratum IV soil pollen assemblage is dominated by pollen suggesting saltbush-

grassland vegetation, but some marshy areas are indicated by the presence of a trace of 

bulrush and cattail (Typha sp.) pollen (Figure 8).  

Stratum IV appears to be missing from the Cottonwood Canyon stratigraphic record. 

This suggests that unit IV aggradation at Cienega Amarilla resulted from channel 

entrenchment in up-valley areas likely including Cottonwood Canyon. Paleochannels noted 

in arroyo wall exposures south of the Cottonwood Canyon study profiles were probably 

formed during this erosional episode. 

Stratum V 

Stratum V is present at both Cienega Amarilla and Cottonwood Canyon and typically 

consists of a 0.5–1-m-thick package of sand overlain by weakly soil-altered, grayish brown 

mud (Figures 3 and 4; Table 3). A Succinid shell found within the Cienega Amarilla stratum 

V soil yielded a radiocarbon age of 387 ± 30 14C yr BP and indicates moist surface 

conditions at that time (Figure 3; Table 4). At the spring mound exposures, strata IV and V 

could not be differentiated. Nonetheless, at least localized travertine deposition continued 

after 1020 ± 60 14C yr BP (Figure 9). The stratum V pollen assemblage at Cienega Amarilla 

is similar to the stratum IV assemblage except for the total absence of bulrush and cattail 

pollen (Figure 8). 
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At Cottonwood Canyon, stratum V alluvium probably includes sand and gravel 

paleochannel fills exposed in the modern arroyo walls south of the study profiles. These fills 

tend to coincide with tributary headcuts and areas with non-vertical arroyo walls caused by 

more erodible subsurface deposits. The age of stratum V at Cottonwood Canyon is secured 

by radiocarbon dates of 530 ± 80 14C yr BP on detrital charcoal at the base of the deposit and 

210 ± 60, 308 ± 30, 365 ± 22, and 460 ± 70 14C yr BP on macrofossils from archaeological 

features within stratum V (Figure 4). These features suggest a Protohistoric (AD 1450–1600) 

period human presence in the study area. At profile 11-28, stratum V contains temporally 

diagnostic ceramic sherds and other artifacts redeposited from a Pueblo II (AD 900–1150) 

and Pueblo III period (AD 1150–1300) archaeological site (LA 170847) situated immediately 

upslope. 

Stratum VI 

At both Cienega Amarilla and Cottonwood Canyon, stratum VI consists of a 0.2–1.3-

m-thick surface layer of bedded, fluvial sand locally with a very weak soil profile (Figures 3 

and 4; Table 3). No radiocarbon dates or plant macrofossils are associated with stratum VI, 

but radiocarbon dating of underlying stratum V alluvium indicates that stratum VI post-dates 

~300 cal BP. Stratum VI alluvium appears to represent arroyo fan deposits associated with 

historical period arroyo cutting. Accounts from ranchers indicate that arroyo-cutting in this 

area occurred in the late 1800s or early 1900s, consistent with widespread arroyo formation 

across the southwest U.S. at this time (Waters and Haynes, 2001).  
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Discussion	  

Geomorphic history and paleoclimatic context 

During the late Holocene, the Cienega Amarilla and nearby Cottonwood Canyon 

floodplains underwent dramatic geomorphic changes, experiencing periods of rapid high-

energy deposition, slow low-energy deposition, stability and soil formation, and deep channel 

entrenchment and subsequent infilling. Many of these shifts likely represent geomorphic 

responses of hillslope and valley subsystems to climate change and variability. Cienega 

Amarilla became a groundwater discharge dominated system from ~2.3–1.6 ka, and then 

transitioned back to a runoff-dominated system by ~1 ka. In this section, I examine possible 

linkages between these hydrological and geomorphic changes and paleoclimatic variation. 

Even though summer precipitation accounts for a significant portion of the annual 

total in the study area, much of this moisture is lost to evaporation, evapotranspiration, or 

surface runoff and probably relatively little of it enters the groundwater system (Eastoe et al., 

2004). Winter storms are generally more widespread and lower intensity and occur when 

cooler conditions and dormant vegetation result in lower rates of evaporative or 

evapotranspirative loss. Therefore, groundwater recharge likely is derived primarily from 

winter precipitation. Because the Cienega Amarilla springs are fed by groundwater, it is 

reasonable to assume that spring mound growth and spring flow at Cienega Amarilla is 

primarily driven by winter precipitation.  

A wide variety of paleoenvironmental proxy records have been studied in the 

southwestern U.S., including tree-rings, pollen, packrat middens, speleothems, alluvium, 

soils, dunes, and paleolakes. Many of these records, however, are limited because they do not 
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preserve centennial-scale variations, are poorly dated, or lack continuity, time depth, or 

resolution. Additionally, it is often difficult to sort out the relative contribution of winter 

verses summer precipitation to the paleoenvironmental signals of these records. Therefore, 

paleoclimatic records closer to core areas of ENSO and the North American monsoon are 

also considered in this discussion. At El Junco Crater Lake (Galápagos Islands), situated in 

the core ENSO area, Conroy et al. (2008) documented a 9200-year-long record of El Niño 

frequency, strength, and variability from grain-size data. A proxy record of the strength of 

NAM circulation is provided by the relative abundance of Globigerinoides sacculifer from 

Gulf of Mexico cores (Poore et al., 2005).  

4–2.8 ka 

The absence of deposits older than ~4 ka in the study area suggests that older valley 

fills were stripped away during a pre-4 ka period of erosion. This is consistent with arroyo 

formation between 4.9 and 4.6 ka elsewhere in the Carrizo Wash watershed (Onken, 2012; 

Appendix C) and widespread arroyo cutting ~4.5 ka in southeastern Arizona (Waters and 

Haynes, 2001), suggesting that this erosion was probably related to regional climate change. 

Floodplain aggradation of fine-grained alluvium (I) deposited by low-energy surface-runoff 

processes from ~4–3.6 ka was followed by a depositional hiatus and inferred period of 

floodplain stability lasting until ~2.8 ka.  

Saltbush-grassland floodplain vegetation during this period suggests generally low 

water tables because four-wing saltbush (the most likely dominant species) is a drought-

tolerant species that does not tolerate high groundwater or late winter inundation (Ogle et al., 

2012). Slightly organic-enriched silty and clayey sediments with dispersed water-table 

carbonates suggest generally moist soil conditions, but the presence of gypsum precipitates 
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indicates periodic dry intervals (Quade et al., 2008). A minor component of emergent aquatic 

plants and phreatophyte trees suggest localized marsh and riparian areas. The deposition of 

fine-grained alluvium and subsequent depositional hiatus suggest that nearby hillslopes were 

relatively stable during the 4–2.8 ka interval, presumably because conditions were either 

consistently moist enough to support sufficient anchoring vegetation to minimize runoff 

laden with coarse sediment or because storms were of low intensity.  

Other paleoenvironmental records in the southwestern U.S. generally imply relatively 

cool, moist conditions during the 4–2.8 ka period, consistent with the inferred conditions in 

the study area. Playa lakes formed during this period in southeastern Arizona (Waters, 1989) 

and southern California (Enzel et al., 1992). Lake levels at Potato Lake in central Arizona 

increased by ~3 ka after being consistently low during the middle Holocene (Anderson, 

1993). Lacustrine muds were deposited ~3.6 ka in a predominantly eolian context in the 

Guadalupe Mountains in southeastern Arizona (Wilkins and Currey, 1999). Polyak and 

Asmeron (2001) documented renewed stalagmite growth at Carlsbad Cavern and Hidden 

Cave in the Guadalupe Mountains of southeastern New Mexico during this interval, 

suggesting increased effective moisture that ended a speleothem growth hiatus that began at 

the end of the Pleistocene.  

The 4–2.8 ka interval coincides with the beginning of the late Holocene and the onset 

of cooler and moister Neoglacial conditions following the more arid middle Holocene. 

Falling temperatures and alpine glacial advances characterize the Neoglacial interval in 

western North America (Mayewski et al., 2004; Tausch et al., 2004). The onset of the 

Neoglacial coincides with the initial strengthening of ENSO with more frequent El Niño 

events at the beginning of the late Holocene after ~4.2 ka (Conroy et al., 2008) and weaker 
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summer monsoonal circulation compared to the middle Holocene (Poore et al., 2005) (Figure 

10).  

2.8–2.4 ka 

A major alluvial pulse at Cienega Amarilla beginning around 2.8 ka implies up-valley 

stream entrenchment in Cottonwood Canyon. Aggradation of braided distributary channel 

deposits (II) at Cienega Amarilla ended by ~2.5 ka, but formation of a weak soil at the top of 

stratum II suggests that deposition may have ended as early as 2.6 ka. This period of 

aggradation coincides with a radiocarbon calibration curve plateau, and this could inflate this 

period’s apparent length (Malainey, 2011:104). Floodplain aggradation resumed during the 

2.5–2.4 ka interval, beginning with a much smaller pulse of sandy alluvium (IIIa) deposited 

at both Cienega Amarilla and Cottonwood Canyon. The initial pulses of sandy alluvium 

deposited at Cienega Amarilla would have rapidly buried much of the pre-existing floodplain 

vegetation, perhaps resulting in a wide, intermittently barren, braided active channel fan 

encompassing most of the floodplain. The occurrence of terrestrial gastropods (Succinids) in 

stratum II deposits suggests moist surface soils (Pigati et al., 2004) (Table 4). As deposition 

slowed and became finer-textured toward the end of this interval, decreased saltbush and 

increased sagebrush pollen (Figure 8) suggest decreased summer and increased winter 

precipitation. These changes, coupled with increasing groundwater carbonate, increased grass 

pollen concentrations, and slightly increased organic matter concentrations, suggest a 

transition to moister, likely intermittent wet meadow floodplain conditions by ~2.6 ka 

(Figure 10). 

Direct evidence of arroyo cutting has not been found elsewhere in the Carrizo Wash 

watershed during the 2.8–2.5 ka period. However, I found evidence of a locally major pulse 



 

140 
 

of piedmont aggradation during this interval in the Cox Ranch Pueblo area 21 km to the east, 

suggesting significant erosion of upland mesa areas (Onken, 2012). Similarly, arroyo cutting 

and accelerated hillslope erosion has been documented at this time elsewhere in the 

southwest U.S. (McFadden and McAuliffe, 1997; Waters, 1998; Waters and Haynes, 2001; 

Hall, 2010) and the central Great Basin (Miller et al., 2001), suggesting that this widespread 

degradation is related to regional climate change.  

Monsoonal circulation weakened abruptly and substantially during the 2.8–2.5 ka 

period (Poore et al., 2005), whereas El Niño frequency increased slightly (Conroy et al., 

2008) (Figure 10). Hillslope erosion and localized arroyo cutting and downslope deposition 

in the Cienega Amarilla area may have been a geomorphic response to this shift to drier 

summers. The rapid decline in summer precipitation may have briefly disrupted vegetation 

communities, rendering hillslopes more vulnerable to erosion. The increased hillslope 

erosion and associated alluvial fan growth in the Great Basin was ascribed to a drier and 

possibly warmer “post-Neoglacial drought” (Tausch et al., 2004). However, it is unclear 

whether extended drought was a factor in the Cienega Amarilla area. 

2.4–1.6 ka 

Floodplain aggradation from 2.4–1.6 ka at Cienega Amarilla was characterized by 

slower depositional rates and groundwater discharge deposits (IIIb) dominated by clayey 

textures indicative of a low-energy environment. By ~2.3 ka significant wetland tufa 

deposition began, resulting in the initial growth of the spring mound and indicating a major 

increase in spring discharge and a transition to groundwater-dominated floodplain processes. 

This shift suggests a significant increase in effective moisture most likely resulting from 

increased winter precipitation around this time. Mound growth probably continued until 
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historical-period arroyo cutting, but appears to have been most rapid from ~2.2–1.7 ka. Tufa, 

travertine, and marl deposits at the spring mound indicate spring orifice, spring pool, and 

marsh microenvironments associated with significant spring discharge. Snails in deposits 

dating ~2.2 ka are dominated by aquatic species preferring lotic (flowing) waters and 

suggesting high spring discharge from a nearby spring orifice, but semi-aquatic and 

terrestrial species are also present. Associated ostracodes are dominated by Cypridopsis 

okeechobei, a species that prefers spring pool or orifice habitats and thermally and 

chemically stable conditions (Pigati et al., 2010; Pigati et al., 2014). Wet meadows (IIIb1) 

surrounding the mound transitioned to marshes (IIIb2) dominated by bulrush by ~1.9 ka, 

indicating increased surface water and spring discharge. The marsh deposits are organic-rich 

black mats that contain semi-aquatic Physella virgata snails and Ilyocypris bradyi ostracodes 

characteristic of persistent, lotic surface water in marsh habitats (Palacios-Fest, 2010; Pigati 

et al., 2014). Periodic drying and unstable marsh conditions, however, are suggested by a 

lens of anomalously gypsum-rich sediment dating ~1.8 ka. At Cottonwood Canyon, stratum 

IIIb represents a shift to lower energy deposition that ended by ~2.1 ka, and the presence of 

an associated Succinid shell suggests moist surface soils (Pigati et al., 2004). 

Many other paleoenvironmental records in the southwestern U.S. indicate wetter 

and/or cooler conditions during this period. Holocene black mats and wet meadow deposits 

are not common in the Southwest, but coeval low-energy, cumulic deposits similar to unit 

IIIb at Cienega Amarilla have been documented elsewhere in the region. Springs in southern 

Nevada inactive during the middle Holocene began flowing and depositing black mats during 

the late Holocene, especially after ~2.3 ka (Quade et al., 1998). Spring discharge in that 

region is predominantly winter fed (Winograd et al., 1998). Abundant and taxonomically 
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diverse snail remains in unit B5 at the La Playa archaeological site in northern Sonora, 

Mexico, indicate a period of peak groundwater discharge along a nearby reach of the Rio 

Boquillas from ~2.3–1.6 ka (Copeland et al., 2012). At Stoneman Lake (central Arizona), 

aquatic macrofossils were most abundant from ~2–1.5 ka, peaking at 1.7–1.8 ka (Hasbargen, 

1994). In northwestern New Mexico, the Chaco Canyon record includes clayey alluvium 

deposited between 2.2 and 0.9 ka that contains terrestrial and aquatic snails indicative of 

conditions wetter than today (Hall, 1977). Hall and Peterson (2013) documented a silty clay 

cumulic Mollisol on the Rio Grande floodplain near El Paso, Texas, that formed between 2.4 

and 1 ka.  

The smoothed tree-ring record at El Malpais, located ~100 km northeast of Cienega 

Amarilla, suggests a generally moister-than-average period during the ~2.1–1.7 ka interval 

(Grissino-Mayer, 1996). A brief, anomalous spike in gypsum content within the black mat at 

Cienega Amarilla profile 11-37 immediately above a 1910–1770 cal BP radiocarbon date, 

however, might represent the AD 122–172 (1828–1778 cal BP) height of the second century 

drought documented by Routson et al. (2011) in a number of southwestern U.S. tree-ring 

records. C3 forbs and shrubs indicative of cooler and moister conditions were dominant at 

Abo Arroyo in central New Mexico during the 3.3–1.4 ka interval, although a brief increase 

in C4 vegetation during the second century drought is evident (Hall and Penner, 2013). 

Wigand and Rhode (2002) identified a 150-year-long climate event at approximately 2.1–2 

ka in a high-resolution pollen record from Lower Pahranagat Lake in the Mojave Desert. 

This event was characterized by dramatic increases in pine, juniper, and sagebrush pollen 

that they interpreted to indicate much wetter conditions that triggered increased pollen 

production. Weaker evidence of this event is also seen in southern California, where higher 
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lake levels from ~2.1–1.8 ka are thought to be related to increased flooding associated with 

strengthened El Niño conditions (Ely et al., 1993). 

Several cave records corroborate a substantial increase in winter precipitation in the 

southwest U.S. at this time. Polyak and Asmeron (2001) interpreted thick speleothem annual 

bands formed between ~3–1.7 ka at Hidden Cave and Carlsbad Cavern as indicative of 

greater effective moisture than present, and especially thick bands formed ~2–1.9 ka imply a 

distinctly wetter interval. The Pink Panther Cave speleothem δ18O record similarly suggests a 

wet period with increased El Niño precipitation from ~2–1.8 ka (Asmerom et al., 2007).  

Ely et al. (1993) argued that most large paleofloods in the southwestern U.S. are 

associated with El Niño conditions. Their paleoflood chronology for Arizona and southern 

Utah rivers showed a resumption of large paleofloods ~2.2 ka after a hiatus that began ~3.9 

ka. Harden et al. (2010) documented a period of increased flooding in southwest U.S. alluvial 

river systems from 2–1.6 ka that, unlike most of the other such Holocene periods they 

identified, appears to correspond with a period of enhanced El Niños.  

Conroy et al. (2008) identified an interval of peak El Niño frequency and strength 

between 2000 ± 100 and 1500 ± 70 cal BP in the Galápagos that indicates maximum 

Holocene El Niño precipitation and variability during this interval (Figure 10). Coral δ18O 

records from Papua New Guinea similarly suggest extreme and prolonged El Niño events 

between 2.5 and 1.7 ka (Tudhope et al. 2001; McGregor and Gagan, 2004).  

1.6–1.25 ka 

Around 1.7–1.6 ka, Cienega Amarilla spring mound growth slowed and wetland 

deposits (IIIb3) peripheral to the spring mound exhibit an abrupt decrease in organics and 
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increase in gypsum precipitates that implies a rapid shift to more arid conditions and more 

transient marsh conditions caused by persistent decreased spring discharge. The gypsum 

deposits resulted from the evaporation of shallow (1–2 m deep), calcareous groundwater 

wicked to the surface (Quade et al., 2008). Water-table carbonate content increased 

dramatically and gypsum content remained high in IIIb4 deposits dating ~1.4–1.25 ka 

because more arid conditions led to diminished spring discharge, and a drop in the water 

table drove soil water salts to saturation in the capillary fringe zone of the soil profile. 

Although emergent aquatic vegetation continued to dominate floodplain vegetation during 

the early part of this drying, by ~1.4 ka bulrush was substantially reduced, suggesting that 

marshy areas had largely been replaced by intermittent wet meadows. This change implies a 

relatively sustained period of reduced winter precipitation and resultant lowered 

groundwater. Thin zones with increased charcoal dating ~1.3–1.2 ka suggest more frequent 

wildfires in the surrounding uplands around this time.  

The drying trend indicated by the Cienega Amarilla record is consistent with 

decreased effective moisture in the larger southwest U.S. region indicated by cave, tree-ring, 

fire history, and soil isotopic records. Thinner speleothem banding from 1.65–1.25 ka and 

aragonite layers dating 1.7–1.3 ka at caves in the Guadalupe Mountains in southeastern New 

Mexico were interpreted to reflect drier conditions (Polyak and Asmeron, 2001). Sediment 

δ13C values at Abo Arroyo in central New Mexico suggest an abrupt shift ~1.4 ka from cool-

wet to warm-dry conditions (Hall and Penner, 2013). The most severe long-term drought in 

the El Malpais tree-ring record is a 263 year-long period from AD 258–520 (~1700–1450 cal 

BP), with especially severe conditions after ~AD 350 (1600 cal BP) (Grissino-Mayer, 1996; 

Grissino-Mayer et al., 1997). The San Francisco Peaks tree-ring record in north-central 
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Arizona indicates above average temperature during the 1.6–1.25 ka interval (Salzer, 2000; 

Van West and Grissino-Mayer, 2005) that culminated in a pronounced warming trend from 

~1.3–1.1 ka evident in tree-ring records throughout western North America (Trouet et al., 

2013). High-severity fire events increased from 1.5–1.3 ka in the San Juan Mountains in 

southwestern Colorado during a period with many extreme dry years and multi-decadal 

droughts indicated by the tree-ring record following a period of wetter conditions that led to 

increased fuels (Bigio et al., 2013). Similarly, Frechette and Meyer (2009) documented fire-

related fan deposition from 1.7–1.3 ka in the Sacramento Mountains of south-central New 

Mexico. Charcoal lenses in Cienega Amarilla floodplain deposits believed to represent 

burning of the adjacent slopes date ~1.3–1.2 ka, coinciding with a dry period ~1.35 ka 

preceded by a brief wet interval indicated by the El Malpais tree-ring record (Grissino-Mayer 

et al., 1997; Van West and Grissino-Mayer, 2005).  

These regional shifts to drought conditions appear to be an expression of global-scale 

changes including a major climatic and vegetation shift at ~1.65 ka that later culminated in 

the Medieval Climatic Anomaly beginning ~1000 years ago (Viau et al., 2002). El Niño 

strength and frequency in its core area decreased precipitously after ~1.6 ka and remained 

very low until ~1.3 ka (Conroy et al., 2008), suggesting diminished winter precipitation 

during this period in the southwest U.S. (Figure 10). 

1.25–1 ka  

From ~1.25–1 ka, a muddy cumulic soil (IIIc) developed at Cienega Amarilla in areas 

peripheral to the spring mound. Low organic concentrations, high gypsum content, and the 

absence of riparian or aquatic indicators suggest the persistence of droughty conditions and 

an intermittent wet meadow on the Cienega Amarilla floodplain surrounding the spring 
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mound. Continued tufa deposition at the spring mound suggests that even though spring flow 

was reduced compared to the 2.2–1.7 ka interval, it was nonetheless higher than before 2.3 

ka. Increased depositional rates at Cottonwood Canyon during this period might indicate 

increased runoff and sediment yield from hillslopes made more vulnerable to erosion by 

drought-weakened vegetation. 

The climate signal implied by southeastern New Mexico cave records during 1.25–1 

ka period is somewhat mixed and suggests variable conditions (Polyak and Asmerom, 2001; 

Asmerom et al., 2007). Nearby tree ring records at El Malpais and San Francisco Peaks 

suggest that somewhat drier and warmer conditions than average continued throughout this 

period (Grissino-Mayer, 1996; Grissino-Mayer et al., 1997; Salzer, 2000; Van West and 

Grissino-Mayer, 2005). This interval coincides with a global period of significant climate 

change to warmer conditions at the beginning of the Medieval Climatic Anomaly from ~1.2–

1 ka (Mayewski et al., 2004). Conroy et al.’s (2008) Galápagos lake record suggests El Niño 

events continued to be relatively infrequent, although they occurred slightly more often than 

the preceding interval (Figure 10).  

Post-1 ka 

Alluvium postdating ~1 ka at Cienega Amarilla consists of floodplain facies 

indicating a shift from a spring-dominated fluvial system to one dominated by surface runoff. 

Arroyo cutting in Cottonwood Canyon initiated during the 1–0.8 ka interval resulted in 

downstream deposition of alluvium (IV) in the Cienega Amarilla area. This alluvium 

contains little groundwater gypsum or carbonate, implying further lowering of alluvial water 

tables and reduced spring discharge. It is possible that undocumented downstream channel 

entrenchment was a factor in these hydrological changes. A distinct burned layer with C4 
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grass macrofossils radiocarbon dated ~900–800 cal BP corroborates droughty conditions and 

lowered alluvial groundwater. A brief soil-forming period lasting less than a century was 

followed by another period of valley aggradation (V) from ~650–100 cal BP. In places, this 

unit is capped by recent sandy distributary fan alluvium (VI) deposited during historical-

period arroyo cutting.  

A variety of proxy data indicate that western North America experienced extensive 

and persistent aridity (warmer and drier) during the medieval period ~AD 900–1300 (1.05-

0.65 ka), with especially severe drought during the mid-12th century (~0.8 ka) (Cook et al., 

2004; Woodhouse et al., 2010). Arroyo cutting was widespread in the southwestern U.S. 

around 1000–900 cal BP (e.g., Hall, 1977; Waters and Haynes, 2001; Nials, 2003), including 

elsewhere in the Carrizo Wash watershed (Huckleberry and Duff, 2008). Waters and Haynes 

(2001) proposed that arroyo cutting occurred when extended droughts were followed by wet 

intervals.  

Archaeological implications 

Cienega Amarilla was undoubtedly a focus of latest Holocene prehistoric human 

activity, and it is conceivable that people congregated in the Cienega Amarilla area during 

periods of extended drought. Its springs would have provided a reliable freshwater source, 

attracted game and waterfowl, and offered unique riparian and paludal plant resources 

including cattail pollen, which has a very high caloric return (Simms, 1987). Springs are 

sacred places of power to Southwest indigenous people (Rea, 2008). Because of its 

association with springs, cattail pollen remains important in contemporary Puebloan religious 

practices (Parsons, 1939). On a regional scale, Pueblo I villages were often established near 
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marshes, and later Puebloans living in places lacking natural wetlands often created artificial 

marshes by constructing reservoirs (Anderson and Potter, 2015).  

Several large Pueblo II (AD 900–1150) and Pueblo III (AD 1150–1300) period 

archaeological surface sites are recorded within several kilometers of the Cienega Amarilla 

spring mound, and buried Basketmaker II (500 BC–AD 500), Pueblo I (AD 750–900), and 

Protohistoric (AD 1450–1600) period sites were discovered during this study at nearby 

Cottonwood Canyon. The presence of Basketmaker II, Pueblo I, and Protohistoric sites is 

intriguing because sites dating to these cultural periods are poorly represented in the 

surrounding area (Huber, 2005).  

The securely dated 2.3–1.6 ka interval of substantially increased effective moisture 

clearly indicated by the Cienega Amarilla stratigraphic record and corroborated by numerous 

other paleoenvironmental proxies probably resulted in improved conditions for maize 

agriculture throughout the Southwest region. Increased areas with shallow groundwater 

would have encouraged water-table farming, a strategy that Mabry (2005) argued was a 

highly optimal agricultural niche in terms of risk, labor, yield, and efficiency. Areas suitable 

for groundwater farming, however, were probably never extensive. That said, increased 

winter precipitation and the resulting moister soil conditions during the spring and early 

summer likely resulted in widespread conditions more consistently favorable for maize 

agriculture. By allowing the growing season to begin well before the onset of the summer 

monsoon, the growing season was effectively extended, and this increased the odds of a 

successful crop, especially at higher elevations.  

The ~2.3–1.6 ka (400 BC–AD 400) period of greatly enhanced effective moisture 

documented at Cienega Amarilla coincides with an interval of significant cultural change in 
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the American Southwest that defines the beginning of the Formative period. Over the course 

of the interval between 500 BC and AD 500, prehistoric human populations made a 

substantially increased commitment to agriculture and sedentism (Cordell and McBrinn, 

2012). These changes are evident at Basketmaker II sites on the southern Colorado Plateau 

and Cienega phase sites in central and southeastern Arizona. This pattern extended south into 

northern Sonora, Mexico, and is typified by the La Playa site where human occupation 

peaked from 2.3–1.6 ka followed by a sharp decline in site use (Copeland et al., 2012). It 

seems reasonable to posit that greatly enhanced El Niños at this time were a catalyst for these 

cultural changes.  

Summary	  and	  conclusions	  

Geomorphic responses to hydroclimatic change and variation during the late 

Holocene in the southwestern U.S. are typically relatively subtle. Cienega Amarilla is a 

notable exception that appears to have been unusually sensitive to late Holocene climatic 

changes. The Holocene hydroclimatic history of Cienega Amarilla appears to be driven 

largely by variations in El Niño frequency and intensity and the resultant variations in winter 

precipitation. The Cienega Amarilla stratigraphic record is an unequivocal local qualitative 

record of late Holocene spring discharge and water-table fluctuations that reflects century-

scale regional ENSO variation in the southern Colorado Plateau and adjacent areas. Ground-

water discharge deposits at Cienega Amarilla consist of chronostratigraphic units that 

represent past episodes of enhanced spring discharge. Winter rainfall amounts from ~2.6–1 

ka appear to have exceeded a local hydrologic threshold that resulted in a shift from runoff-

dominated to groundwater-discharge-dominated floodplain processes. Spring discharge 
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appears to have been highest and water tables most elevated from ~2.3–1.6 ka, followed by a 

sudden and pronounced decline during the 1.6–1 ka interval. The timing of the initiation of 

enhanced spring discharge, peak discharge, and declining discharge closely parallels trends 

in El Niño strength and frequency proxy records and is corroborated by cave, tree-ring, soil 

isotope, paleoflood, pollen, and alluvial records in the southwest U.S. The shift back to 

runoff-dominated floodplain processes by ~1 ka coincides with the persistent droughty 

conditions associated with the Medieval Climatic Anomaly in this region and may in part be 

related to arroyo formation higher in the drainage catchment during the 1–0.8 ka interval. 

The ~2.3–1.6 ka period of greatly enhanced groundwater discharge documented at Cienega 

Amarilla appears to be linked to stronger and more frequent El Niños throughout the 

southwestern U.S. that were likely a catalyst for prehistoric cultural changes including 

increased dependence on agriculture and sedentism in the American Southwest.  
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Table 1 
Universal Transverse Mercator (UTM) coordinates of Cienega Amarilla and Cottonwood 
Canyon profiles. 

Profile Location (NAD 83, Zone 12N)  

Cienega Amarilla 
11-1 682575	  E / 3811134	  N 
11-2 682556	  E / 3811092	  N 
11-3 682524	  E / 3811162	  N 
11-4 682410	  E / 3811227	  N 
11-19 682616	  E / 3811058	  N 
11-37 682197	  E / 3811292	  N 
11-39 
11-40 
12-19 

681940	  E / 3811469	  N 
682073	  E / 3811366	  N 
681921	  E / 3811777	  N 

 Cottonwood Canyon 
11-20 682531	  E / 3808332	  N 
11-21 682495	  E / 3808375	  N 
11-22 682499	  E / 3808398	  N 
11-23 682519	  E / 3808376	  N 
11-25 682551	  E / 3808456	  N 
11-26 682560	  E / 3808478	  N 
11-27 682539	  E / 3808431	  N 
11-28 682559	  E / 3808516	  N 
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Table 2 
Radiocarbon dates from Cienega Amarilla and Cottonwood Canyon. 
Lab number Unit Profile Depth (m) Material dated Radiocarbon age 

(14C yr BP)a 
δ13C 
(PDB) 

2σ calibrated age 
range (cal yr B.P.)b 

Cienega Amarilla (n=31)      
AA-99240 V 11-4, G-2 0.84 Succinid shell 387 ± 30* -1.2 509–319 
AA-95503 IV 11-2, R-4 1.19–1.21 Charred Poaceae stems 830 ±	  70 -11.3 910–670 
AA-100898 IV 11-2, R-4 1.19–1.21 Charred Poaceae stems 929 ±	  27* -11.9 920–789 
AA-101881 IIIc 11-39, R-11 0.45–0.50 Uncharred Scirpus achenes (4), unidentified 

seeds (7) and stems (7) 
1020 ±	  60 -22.2 1060–800 

AA-105541 IIIc 11-40 0.7–1.0 Organic-rich sediment (A horizon) 1085 ±	  18* -21.0 1054–938 
AA-95627 IIIc 11-4, R-4 1.71–1.75 Charred Juniperus wood 1145 ±	  29* -20.1 1174–976 
AA-99239 IIIc 11-4, G-1 1.75–1.79 Succinid shells (3) 1252 ±	  26* -0.4 1275–1084 
AA-99219 IIIb4 11-37, R-17 2.15 Charred Juniperus wood 1357 ±	  27* -20.6 1325–1188 
AA-104619 IIIb4 11-37, R-18 2.65–2.7 Uncharred Scirpus achenes (20) 1372 ±	  38* -23.7 1352–1187 
AA-101882 IIIb 11-40, R-1 2.05–2.1 Uncharred Scirpus achenes (10) 1380 ±	  26* -24.1 1339–1275 
AA-97647 IIIb3 11-37, R-18 2.65–2.7 Uncharred Scirpus achenes (10) 1417 ±	  36 -25.2 1380–1285 
AA-99202 IIIb 11-39, R-12 1.21–1.26 Uncharred Scirpus achenes (10) 1557 ±	  27* -24.0 1527–1390 
AA-100483 IIIb3 11-37 3.0–3.1 Uncharred Scirpus achenes (12) 1614 ±	  25* -24.2 1690–1415 
AA-95499 IIIb2 11-37 3.2 Uncharred Scirpus achenes (8) 1759	  ±	  25* -24.2 1734–1571 
AA-104620 IIIb 11-39, R-10 1.85–1.9 Uncharred Scirpus achenes (22) 1769	  ±	  25*	   -24.5 1807–1607 
AA-97643 IIIb2 11-37, R-19 3.3–3.4 Uncharred Scirpus achenes (10) 1833 ±	  36 -24.2 1870–1634 
AA-102662 IIIb2 11-37 3.6–3.7 Uncharred unknown stem fragments (20) 1934 ±	  29* -19.4 1946–1821 
AA-101884 IIIb 12-19, R-4  2.43–2.46 Uncharred Scirpus achenes (10) 1963 ±	  26* -23.5 1989–1865 
AA-101880 IIIb 11-39, R-9 2.47–2.5 Uncharred Scirpus achenes (11) 2002 ±	  26* -23.9 2000–1889 
AA-101879 IIIb 11-39, R-8 3.22–3.27 Uncharred Scirpus achenes (10) 2210 ±	  32 -25.1 2325–2147 
AA-99201 IIIb 11-39, R-6 4.05–4.1 Uncharred Scirpus achenes (10) 2272 ±	  30* -25.6 2350–2159 
AA-102033 IIIb1 11-37 4.0–4.1 Charred grass? stems 2277 ±	  36 -19.0 2352–2158 
AA-102672 IIIb 12-19, R-2 3.45–3.55 Uncharred Scirpus achenes (30) 2350 ±	  30* -25.1 2464–2324 
AA-100899 II 11-37, R-23 4.45–4.6 Charred Populus/Salix twigs (2) 2430 ±	  80 -26.1 2720–2350 
AA-100482 IIIb 11-39, R-5 4.65–4.7 Charred Atriplex twig 2452 ±	  29* -11.6 2704–2361 
AA-95502 IIIa 11-1, feature? 4.92–5.02 Charred unknown nutshells 2475 ±	  26* -21.8 2719–2434 
AA-97646 II 11-37, R-12 7.58 Charred Monocotyledon tissue 2501 ±	  23* -11.4 2727–2490 
AA-97644 II 11-37, R-6 8.12–8.2 Charred Sarcobatus twig (w/ < 5 rings) 2506 ±	  24* -24.3 2735–2490 
AA-101883 II 12-19, R-1 4.8–4.82 Uncharred Scirpus achenes (7) 2577 ±	  32* -25.4 2762–2510 
AA-95501 I 11-37, R-2 9.0 Charred Populus/Salix wood 3480 ±	  28* -25.6 3835–3648 
AA-95500 IIIa 11-2, R-1 3.55–3.65 Charred Monocotyledon tissue 3848 ±	  27c -23.5 4407–4155 
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Cottonwood Canyon (n=13)      
AA-100542 V 11-21, Feat. 3d  1.0–1.01 Charred Picea? needle, Poaceae stem, and 

Atriplex fruit core 
210 ±	  60* -15.7 430–0 

AA-99220 V 11-26, Feat. 12e 1.1–1.15 Charred unknown twig and disseminules (2) 308 ±	  30* -23.6 464–300 
AA-95508 V 11-26, Feat. 13e 1.12–1.17 Charred Atriplex utricle cores (6) 365 ±	  22* -10.9 498–319 
AA-99198 V 11-20, Feat. 1d 1.1–1.18 Charred Physalis seeds (3), unknown seed, 

Pinus twig (w/ 5 rings) 
460 ±	  70 -18.3 640–320 

AA-95505 V 11-20, R-6 d 1.84 Charred Juniperus twig (w/ 2 rings) 530 ±	  80 -20.1 670–330 
AA-95504 V 11-20, Feat. 1d 1.1–1.18 Charred Juniperus wood 780 ±	  60c -22.4 900–570 
AA-100480 IIIc 11-22, Feat. 9d 1.7–1.77 Charred Zea mays kernel 1149 ±	  37* -9.3 1176–976 
AA-100481 IIIc 11-22, Feat. 11d 1.37–1.42 Charred Zea mays kernel 1164 ±	  28* -8.7 1178–986 
AA-95629 IIIc 11-21, R-1d 1.95–1.99 Charred Zea mays cupule 1178 ±	  29* -10.0 1181–997 
AA-95507 IIIb 11-23, Feat. 4d 2.7–3.0 Charred Atriplex wood 2128 ±	  21* -9.9 2291–2010 
AA-101878 IIIb 11-22, Feat. 5d 2.3–2.4 Charred Atriplex wood 2138 ±	  21* -10.1 2299–2040 
AA-93782 IIIb 11-23, Feat. 4d 2.7–3.0 Charred Zea mays cupules (3) 2140 ±	  36 -10.5 2304–2002 
AA-95506 I/IIIa 11-23, Feat. 6d 3.34–3.4 Charred Juniperus wood 3350 ±	  23* -21.0 3683–3498 
a Radiocarbon age are corrected for carbon-isotope fractionation and standard deviations are given at one sigma 
b INTCAL2013 (Reimer et al., 2013) 
c Rejected age that is anomalously old for context (old wood or redeposited) 
d Site LA170848 
e Site LA170847 
*Indicates high precision analysis (multiple spectrometer targets) 
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Table 3 
Field property and laboratory data for selected profiles in Cienega Amarilla study area. 
Strat. 
unit  

Soil 
horizona 

Depth (cm) Sedimentological description and misc. soil traits Munsell 
color (dry) 

Structureb CaCO3 
(reaction 
to HCl)c 

Profile 11-37 (Cienega Amarilla)    
V 1A 0–14 SILTY SAND; massive 10YR 5/2 1 g  e 
 1C1 14–33 SILTY SAND; very thin, horizontal beds (faint);  10YR 6/3 m e 
 1C2 33–52 SANDY MUD; laminated 10YR 6/3 m es 
IV 2ABb1 52–86 MUD; massive 7.5YR 5/2 2 abk es 
 2Bwkb1 86–115 MUD; massive; increasing sand with depth; common to many, soft, <5-mm-dia. carbonate masses 7.5YR 6/2 2 abk es 
 3Ckb1 115–165/175 SILTY SAND to SAND; thickly laminated to very thinly bedded; high-angle cross-beds in small scour fill at 

base; upper 30 cm appears weakly cemented with groundwater carbonate 
7.5YR 7/2 m es 

IIIc 4ABsskyb2 165/175–192 CLAY; massive; many 3–5 mm gypsum crystal masses; few to common slickensides 10YR 5.5/2 3 abk es 
IIIb4 4CBky1b2 192–254 CLAY; very thinly bedded (faint); many 5–10 mm dia. gypsum crystal masses; common carbonate filaments; 

1-cm-thick layers of dispersed charcoal at 215 cm and 235 cm 
7.5YR 7/2 2 abk es 

IIIb3 4CBkyoxb
2 

254–265 CLAY; very thinly bedded (faint); many <3 mm dia. gypsum and carbonate masses and filaments; small 
oxidation mottles 

10YR 6/2 to 
5Y 6/2 

1 abk es 

 4CBky2b2 265–308 CLAY; very thinly bedded (faint); many <3 mm dia. gypsum and carbonate masses and filaments 10YR 6/2 1 abk es 
IIIb2 4ACky1b3 308–330 CLAY; thinly bedded; common <3 mm dia. gypsum and carbonate masses and filaments; common plant 

macrofossils  
10YR 6/1 2 abk es 

 4ACky2b3 330–340 MUD interlaminated with sand and silty sand; many plant macrofossils, esp. at base 10YR 5/1 m es 
 4ACky3b3 340–360 CLAY; thinly bedded; few to common carbonate and gypsum filaments and small masses; common plant 

macrofossils  
10YR 5/1 2 abk es 

 4ABkyb3 360–375 CLAY; massive; many <5 mm dia. gypsum and carbonate masses and filaments; few to common plant 
macrofossils; oxidized root traces 

10YR 5/1 2 abk es 

IIIb1 4Bkyb3 375–416 CLAY; massive; many <5 mm dia. gypsum and carbonate masses and filaments 7.5YR 4.5/2 2 abk es 
  416–433 CLAY; massive; many <5 mm dia. gypsum and carbonate masses and filaments 5YR 5/2 2 abk es 
IIIa 5Cb3 433–445 SILTY SAND; laminated 5YR 7/2 m es 
II 6ABkjb4 445–475 CLAY; massive; few to common gypsum and carbonate masses and filaments 7.5YR 5.5/2 2 abk es 
 6Bw1b4 475–534 MUD; massive; few large oxidation mottles 7.5YR 6/2  2 abk es 
 6Bw2b4 534–547 CLAY; massive; oxidized rootlets 5YR 6/2 2 abk es 
 7Cb4 547–583 SILTY SAND; massive 7.5YR 7/2  m es 
 8ABb5 583–613 MUD; massive; oxidized rootlets 7.5YR 5.5/2  2 abk es 
 9C1b5 613–645 SAND; fining upward 7.5YR 7/3 m es 
 9C2b5 645–670 SILTY SAND; very thin to thin beds, interbedded with laminated mud; dispersed charcoal flecks 7.5YR 7/2 m es 
 9Coxb5 670–748 SAND; fining upward; pebble lenses near base; large oxidation mottles  7.5YR 7/3 m es 
 10Bwb6 748–756 MUD; massive; few carbonate filaments 7.5YR 7/2 2 abk es 
 11C1b6 756–795 SAND/SILTY SAND; thin to medium beds; interbedded with laminated mud 7.5YR 7/2 m es 
 11C2b6 795–850 SILTY SAND; massive 7.5YR 7/3 m es 
I ABb7 850–980+ SILTY CLAY; massive; few slickensides; few carbonate filaments; common oxidized rootlets 7.5YR 5/2 3 abk es 
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Profile 11-39 (Cienega Amarilla spring mound) 
IV/V 1Km 0–30 Spongy TUFA, relatively dense 5YR 7/2 m ev 
 1Cox 30–45 Sandy, detrital TUFA; grades laterally into spongy tufa; oxidation mottling; minor amount of organic (plant) 

material 
5YR 7/2 m ev 

IIIc 2ACkb1 45–82 Sandy, detrital TUFA; thinly bedded; some dispersed organics and faint bands of organic-rich sediment 7.5YR 7/2 m ev 
 2Coxk1b1 

 
82–95 Sandy, detrital TUFA with pockets of spongy tufa; very thinly bedded; oxidation mottling 7.5YR 7/2 m ev 

 2Coxk2b1 95–121 Sandy, detrital TUFA; faint, thin to medium beds; oxidation mottling; locally common plant macrofossils; thin, 
2-cm-thick, spongy tufa layer at base 

10YR 8/3 m ev 

IIIb 3Akb2 121–165 Powdery TUFA; faint, thin to very thin beds; organic-rich 10YR 5/2 m ev 
 3C/Akb2 165–215 Sandy, detrital TUFA; thinly bedded; 2 beds are somewhat darkened with organics, otherwise sparse organics 

dispersed throughout; common mollusks 
10YR 6/3 m es  

 4Kmb2 215–247 Spongy TUFA 7.5YR 7/2 m ev 
 5C/Akb2 247–262 Sandy, detrital TUFA; thinly bedded; 2 beds are somewhat darkened with organics; inset into sandy, detrital 

tufa 
10YR 5/2 m es  

 6Kmjb2 262–281 Spongy TUFA; with interbedded fine sand 7.5YR 7/3 m ev 
 7CAkb2 281–301 Sandy, detrital TUFA with localized areas of spongy tufa; contains an organic-rich layer 10YR 6/3 m es  
 8Kmb2 301–311 Spongy TUFA 7.5YR 7/3 m ev 
 9Ckb2 311–322 Sandy, detrital TUFA with common areas of spongy tufa 7.5YR 6/2  m ev 
 9ACkb3 322–365 Sandy, detrital TUFA; very thinly bedded; variable amounts of organic matter throughout; common areas of 

spongy tufa including thick lens at base 
10YR 5/2 m es  

 9CAkb3 365–405 Sandy, detrital TUFA interbedded with mud; very thinly bedded; variable amounts of organic matter 
throughout; increasing sand with depth 

7.5YR 5/3 m es 

 10ACkyb4 405–433 SILTY CLAY; thickly laminated (faint); common plant macrofossils, some oxidized; locally common, small 
gypsum(?) crystal masses; common carbonate small nodules 

7.5YR 4.5/2 2 abk es 

 10CAkb4 433–470 SILTY CLAY; thickly laminated (faint); common plant macrofossils, some oxidized; locally common, 
common carbonate small nodules 

5YR 5/2 2 abk es 

IIIa 11Ckb4 470–490 SILTY SAND interbedded with MUD; common plant macrofossils; few to common carbonate filaments 5YR 7/2 m es 
II 12ABwkb5 490–507 MUD; common plant macrofossils; common oxidized root traces; common carbonate small soft masses 7.5YR 5.5/2 2 abk es 
 13Coxb5 507–600+ SAND; medium, horizontal beds; fining upward; distinct 1–5 cm dia. oxidation mottles 7.5YR 6/3 m es  
   
Profile 11-23 (Cottonwood Canyon area)   
VI 1C 0–70 SAND; horizontally bedded with lenses of laminated silt, mud, and organic flotsam 7.5YR 6/4 m es  
V 2ABwb1 70–120 MUD; massive; upper part locally scoured. 7.5YR 5/2 3 abk es  
 3C1b1 120–140 MUDDY SAND; horizontally bedded (faint) 7.5YR 6/3 m e 
 4C2b1 140–160 MUD; laminated; with interlaminated fine sand 7.5YR 6/3 m es  
 3C3b1 140–165 SAND; massive; broad lens that pinches out to north and south of profile; occasional pebbles at base 2.5YR 6/3 m es  
IIIc 5Bwb2 165–180 SANDY MUD; massive 2.5YR 6/2 1–2 

abk/sbk 
es  

 6Cb2 180–190/200 Sand; massive 5YR 6/3 m es  
 7ABwb3 190–200 SANDY MUD; massive; discontinuous soil horizon 7.5YR 6/3 1 sbk es  
 7Cb3 200–210 MUD and fine SAND; laminated, locally massive 7.5YR 7/3  m es  
 7ABb4 210–220 MUDDY SAND; massive 7.5YR 6/2 1 sbk  es 
 7CBb4 220–230 MUDDY SAND; massive 7.5YR 6/2  m es  
IIIb 7Cæd 230–250 SILTY SAND; feature cleanout or archaeological midden 7.5YR 5/2 m es  
 7Bwb5 250–270 MUDDY SAND; massive; few filaments of pedogenic carbonate 7.5YR 6/3 1 sbk es 
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a Notations from Soil Survey Staff (1993) and Birkeland (1999:Table 1.1). 
b Grade: 1 = weak, 2 = moderate, 3 = strong. Shape: abk = angular blocky, g = granular, m = massive, pl = platy, sg = single grain, weg = wedge. 
c Reaction to dilute HCl: n = noneffervescent, e = weakly effervescent, es = strongly effervescent, ev = violently effervescent. 
d æ = archaeological midden deposits. 
  

IIIa 8Cb5 270–310/334 SAND; with occasional pebble lenses; massive 7.5YR 6/3 m es 
I 9Btjkb6 310/334–500+ MUDDY SAND; massive; common filaments of pedogenic carbonate; few to common thin pedogenic clay ped 

coatings and grain bridges; relatively dense 
5YR 5/3 2 sbk es  
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Table 4 
Fossil mollusks and ostracodes at Cienega Amarilla and Cottonwood Canyon.  
Taxon Stratigraphic units and number 

of individuals recovered 
 

Ecological preferences 

Cienega 
Amarilla 

Cottonwood 
Canyon 

Mollusks    
  Succineidae II (5) 

IIIa (1) 
IIIc (15+) 

V (1) 

IIIb (1) Terrestrial; moist ground next to permanent water (Pigati et al., 2004) 

  Oreohelix houghi – VI (1)  Terrestrial 
  Physella virgata IIIb2 (4)* – Semi-aquatic; wet meadows; can tolerate poorly oxygenated, standing water (Palacios-Fest, 

2010; Pigati et al., 2014) 
  Fossaria parva IIIb (1)† – Semi-aquatic (terrestrial during warm months, aquatic during cold months); permanent or 

ephemeral streams, lakes, ponds; lotic or lentic (Evanoff, 1987) 
  Pyrgulopsis sp. IIIb (1)† – Aquatic; permanent springs, streams, rivers; commonly known as “springsnails”; benthic; 

generally concentrated near spring sources (Hershler and Sada, 2002) 
  Ferrissia hendersoni IIIb (1)† – Aquatic; permanent, lakes, ponds, streams; lotic (Basch, 1963; Palacios-Fest, 2010) 
  Pisidium casertanum IIIb (2)† – Aquatic; permanent, streams, lakes, ponds; lotic (Palacios-Fest, 2010) 
  Gastrocopta                               
tappaniana 

IIIb (1)† – Terrestrial; wet to moist, calcareous soils (Evanoff, 1987) 

Ostracodes  –  
  Chlamydotheca 
arcuata 

IIIb (10)† – Permanent springs, streams, marshes, lake margins; tropical species that cannot survive water 
temperatures <20* C (thermal springs or summer occurrences) (Forester, 1991) 

  Ilyocypris bradyi IIIb2 (11)* 

IIIb (20)† 
– Permanent or ephemeral streams, lakes, ponds; marshes with persistent, lotic surface water; high 

water table and spring discharge (Palacios-Fest, 2010; Pigati et al., 2014) 
  Cypria ophthalmica IIIb (22)† – Permanent lakes, ponds; high water table and spring discharge (Palacios-Fest, 2010) 
  Cypridopsis 
okeechobei 

IIIb (226)† – Permanent springs, streams, lakes; thermally and chemically stable conditions; most abundant in 
spring pools near spring orifices (Pigati et al., 2014) 

  Microdarwinula sp. IIIb (44)† – Aquifers (Karanovic, 2012)  
* extracted from 100 g of ~1.9–1.8 ka sediment from profile 11-37, 3.4–3.6 m below surface. 
† extracted from 100 g of ~2.3–2.2 ka sediment from profile 11-39, 3.22–3.47 m below surface. 
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Figure	  captions	  

Figure 1. Location map of study area.  
 
Figure 2.  Satellite imagery showing (a) Cienega Amarilla and (b) Cottonwood Canyon 

profile locations.  
 
Figure 3.  Cienega Amarilla stratigraphic sections. Blue shading indicates ground-water 

discharge deposits. Radiocarbon dates are in 14C yr BP. Age in italics was rejected 
as anomalously old for context, and sample is probably redeposited. 

 
Figure 4.  Cottonwood Canyon stratigraphic sections. Radiocarbon dates are in 14C yr BP. 

Age in italics was rejected as anomalously old for context, and sample is probably 
old wood. 

 
Figure 5.  Geochronology of Cienega Amarilla (CA) and Cottonwood Canyon (CC) areas. 

Radiocarbon dates are calibrated ages plotted with one-sigma error bars. 
 
Figure 6.  Arroyo exposure at Cienega Amarilla profile 11-37 showing unit IIIb 

subdivisions. Radiocarbon dates are in 14C yr BP. 
 
Figure 7.  Cienega Amarilla soil analysis results at profiles 11-4, 11-2, and 11-37 with 

ground-water discharge (GWD) deposits delineated. 
 
Figure 8.  Cienega Amarilla pollen analysis results showing pollen concentrations in 

grains/gm. Oval symbols indicate presence. 
 
Figure 9.  Groundwater carbonate and black mat deposits at profile 11-39 at Cienega 

Amarilla spring mound: (a) shows upper ~3 m of exposure with radiocarbon dates 
in 14C yr BP and (b) is a close-up of spongy tufa with vertically oriented voids 
that formed around reedy emergent aquatic vegetation immediately above the 
2002 ± 26 BP date. 

 
Figure 10. Cienega Amarilla chronology and reconstructed depositional facies with winter 

(El Niño) precipitation record from El Junco Lake (Conroy et al., 2008) and 
summer (North American monsoon) precipitation record from the Gulf of Mexico 
(Poore et al., 2005). 
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Figure 1.  Location map of study area. 
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  a.                b.  
Figure 2.  Satellite imagery showing (a) Cienega Amarilla and (b) Cottonwood Canyon profile locations. 
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Figure 3.  Cienega Amarilla stratigraphic sections. Blue shading indicates ground-water discharge deposits. Radiocarbon dates are in 

14C yr BP. Age in italics was rejected as anomalously old for context, and sample is probably redeposited. 
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Figure 4.  Cottonwood Canyon stratigraphic sections. Radiocarbon dates are in 14C yr BP. Age in italics was rejected as anomalously 

old for context, and sample is probably old wood. 
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Figure 5.  Geochronology of Cienega Amarilla (CA) and Cottonwood Canyon (CC) areas. Radiocarbon dates are calibrated ages 

plotted with one-sigma error bars. 
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Figure 6.  Arroyo exposure at Cienega Amarilla profile 11-37 showing unit IIIb subdivisions. Radiocarbon dates are in 14C yr BP.
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Figure 7.  Cienega Amarilla soil analysis results at profiles 11-4, 11-2, and 11-37 with 

ground-water discharge (GWD) deposits delineated. 
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Figure 8.  Cienega Amarilla pollen analysis results showing pollen concentrations in grains/gm. Oval symbols indicate presence.
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  a.           b. 

Figure 9.  Groundwater carbonate and black mat deposits at profile 11-39 at Cienega Amarilla spring mound: (a) shows upper ~3 m of 
exposure with radiocarbon dates in 14C yr BP and (b) is a close-up of spongy tufa with vertically oriented voids that formed 
around reedy emergent aquatic vegetation immediately above the 2002 ± 26 BP date. 
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Figure 10.  Cienega Amarilla chronology and reconstructed depositional facies with winter (El Niño) precipitation record from El 

Junco Lake (Conroy et al., 2008) and summer (North American monsoon) precipitation record from the Gulf of Mexico 
(Poore et al., 2005). 
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Abstract	  

 The Carrizo Wash watershed in west-central New Mexico contains a 10,000-year 

alluvial record of Holocene geomorphic change on the southern Colorado Plateau. This 

investigation’s objective was to reconstruct the nature and timing of fluvial geomorphic 

change and identify the climatic factors driving landscape change. Seven allostratigraphic 

units were identified and placed in a chronometric framework by 197 14C dates, many of 

which are from short-lived plant macrofossils from archaeological features. Alluvium 

exposed in the banks of modern arroyos is dominated by middle Holocene (~7.1–4.9 ka) 

alluvium in valley contexts, whereas alluvium exposed in piedmont arroyos dates primarily 

to the late Holocene (~4.3–2.7 ka). Extensive prehistoric channel entrenchment occurred ~4.9 

and 0.8 ka, but more localized incision also occurred ~1.9, 1.2, and possibly ~7.5 and 2.7 ka. 

Extended drought typically preceded arroyo cutting, and entrenchment was commonly 

associated with increased climate variability, major shifts in precipitation amount or 

seasonality, and periods with few large floods. Accelerated valley and piedmont aggradation 

appears related to increased flooding and runoff associated with reduced vegetation cover 

during periods of low effective moisture resulting from enhanced North American Monsoon 

circulation and weak ENSO conditions. Conversely, slow or stalled deposition appears 

connected to reduced flooding and runoff fostered by denser vegetation during times of 

increased effective moisture caused by enhanced ENSO conditions and increased winter 

precipitation. Study results suggest that predicted increased drought and enhanced or delayed 

monsoons associated with modern climate change could lead to accelerated upland erosion 

and increased flooding in southern Colorado Plateau headwater tributaries. Archaeological 
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implications include temporal biases associated with surface site distributions and changing 

viability of floodwater farming over time. 

 
 

Keywords: Fluvial geomorphology; Holocene climate change; Carbon-14; ENSO; El Niño; 

North American Monsoon; semiarid landscape; Colorado Plateau   
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Introduction	  

In recent years, studies examining how geomorphic systems in desert regions respond 

to climate change have expanded beyond the Pleistocene–Holocene transition to focus on 

more subtle shifts during the Holocene epoch (Bacon et al., 2010), especially as the relevance 

of such studies to mitigating the geomorphic consequences of future climate change is 

increasingly recognized (McFadden and McAuliffe, 1997; Miller et al., 2010). Sediment 

transport is often water limited in arid and semiarid regions of the southwestern U.S. 

Changes in precipitation (including the variability, seasonality, intensity, and areal extent of 

storms) can greatly influence geomorphic processes on hillslopes, piedmonts, and valleys by 

affecting vegetation, surface runoff, sediment yield, flood frequency and magnitude, and 

groundwater recharge. Vegetation is typically assumed to respond to changes in soil moisture 

and effective moisture, with this change expressed as plant community shifts or changes in 

ground cover density. Vegetation changes in response to climatic shifts are usually invoked 

as a critical variable in the geomorphic response models resulting from these studies, 

although Antinao and McDonald (2013) have cautioned that the role of vegetation might not 

always be significant. Other studies (e.g., Bull, 1991; McFadden and McAuliffe, 1997) have 

underscored the role of bedrock weatherability in controlling hillslope sediment supply. 

Studies conducted in the southwestern U.S. have documented remarkably different 

geomorphic responses to Holocene climate change (Table 1). The apparent inconsistencies 

may be the result of regional or local variation in bedrock, vegetation, topography, climate 

history, or numerous other factors (McFadden and McAuliffe, 1997) including inaccurately 

dated alluvial sequences. Additional detailed climatic geomorphology studies are needed in a 
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variety of geologic settings to provide the basis of more generalized and comprehensive 

process-response models.  

This paper focuses on the development of a Holocene alluvial chronology and 

landscape history based on piedmont1 and valley deposits in the Carrizo Wash watershed, a 

headwater drainage of the Little Colorado River in west-central New Mexico (Figure 1). 

Compared to other climatic geomorphology studies based on alluvial sequences in the 

southwestern U.S., this study is unique in that the alluvial record spans most of the Holocene, 

the alluvial chronology generally has centennial-scale resolution, and both regional and 

larger-scale paleoclimatic records are considered. The timing of prehistoric arroyo cutting in 

the study area is similar to other areas elsewhere in the southwest U.S., suggesting that 

regional climate change is a major controlling factor on the timing of Carrizo Wash alluvial 

cycles. Yet, how alluvial cycles relate to climate change and associated changes in flood 

regimes remains poorly understood. Alluvial cycles affected prehistoric floodwater farmers 

in the southwestern U.S. through their effect on local water tables and amount of arable land 

(Huckleberry and Duff, 2008), making a more comprehensive understanding of alluvial 

cycles important to archaeological interpretations.  

The objective of this investigation was to reconstruct the nature and timing of fluvial 

geomorphic change and identify the climatic factors driving this landscape change. Isolating 

the climatic mechanisms behind alluvial cycles requires that alluvial cycles be accurately and 

precisely dated. The Carrizo Wash watershed is an ideal place to conduct such a study in part 

because of the presence of abundant alluvial exposures in the banks of modern arroyos that 

                                                
1 The descriptive topographic term “piedmont”, which literally means “the foot of the mountains” (Pearthree, 
1991), is used here because pediments were not differentiated from bajadas: piedmont subsumes these two 
genetic terms. 
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contain datable materials including buried archaeological features. The Carrizo Wash area 

has an extensive and long history of archaeological research, including a handful of 

geoarchaeological investigations that this study builds upon (e.g., Birnie, 1993; Huckleberry, 

1995; Anderson and Edwards, 2004; VanBuskirk, 2004; Onken, 2005; Onken and Van West, 

2005; Huckleberry and Duff, 2008). The Carrizo Wash watershed is underlain by easily 

weathered bedrock that promotes thicker fill units and is more sensitive to climatic change 

than landscapes with more resistant lithologies (Bull, 1991; McFadden and McAuliffe, 

1997).  

Study area 

Carrizo Wash is a major tributary of the Little Colorado River that flows through 

northern Catron County in west-central New Mexico and central Apache County in east-

central Arizona (Figure 1). Elevations in the 5800 km2 watershed range from approximately 

3100–1700 m. Carrizo Wash and its major tributaries form a fairly continuous arroyo system. 

Quaternary valley fills are approximately 60 m thick (Love and Connell, 2005). Streams in 

the mid-to-lower elevation reaches of the Carrizo Wash watershed are characterized by 

ephemeral flow (Basabilvazo, 1997:12). The perennial, spring-fed reach at Cienega Amarilla, 

however, is a unique exception (Appendix B).  

The Carrizo Wash study area is in the southeastern portion of the Colorado Plateau, 

an area characterized by gently dipping sedimentary rocks locally intruded and capped by 

Neogene volcanic rocks (Chamberlain et al., 1994). The watershed contains the Red Hill–

Quemado volcanic field, which includes the ~11.8 ka Zuni Salt Lake maar (Appendix A). 

The landscape is dominated by broad valleys, mesas, buttes, and cuestas created primarily 

during late Pliocene–early Pleistocene erosion (McLellan et al., 1984; Campbell, 1989; Love 
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and Connell, 2005). Bedrock in the watershed consists mostly of Triassic to upper 

Cretaceous sandstones and shales associated with the Chinle Formation, Dakota Sandstone, 

Mancos Shale, and Moreno Hill Formation (New Mexico Bureau of Geology and Mineral 

Resources, 2003). Most of these sediments are moderately or highly weatherable. Some 

resilient, bluff-forming sandstone beds are associated with the Moreno Hill and Dakota 

Sandstone formations, but these are not spatially extensive. Because elevation in the project 

area decreases to the west, older units such as the Chinle Formation and Dakota Sandstone 

are more widely exposed in the western part of the project area. The Carrizo Wash area has 

been relatively quiescent tectonically during the latest Pleistocene and Holocene (Laughlin et 

al., 1982; Chamberlain et al., 1994), except possibly for faulting associated with latest 

Pleistocene volcanic eruptions (Appendix A). 

Vegetation in the study area varies depending on elevation, substrate and aspect, with 

piñon-juniper woodlands transitioning into montane conifer forests at elevations above 

~2200 m, whereas the lower floodplain areas are dominated by desert grasslands. In the mid-

elevation portions of the watershed containing the study exposures, vegetation is dominated 

by juniper savannah (Westfall, 1981:18) on mesas and hillslopes and grasses and shrubs 

(including greasewood and broom snakeweed, rabbitbrush, and four-wing saltbush, and 

sagebrush) on piedmonts and valley floors. Carrizo is Spanish for ‘reed’, suggesting that 

areas of wetland vegetation were more extensive on valley floors prior to historical period 

arroyo formation. Intensive grazing during the past century has affected vegetation density 

and diversity, including the encroachment of junipers onto piedmont areas and the depletion 

of grasses (Van West and Greenwald, 2005). Huckleberry and Duff (2008) point out that the 

organic content of buried soils suggests more extensive grasslands in the past.  
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The modern climate of the study area is mostly semiarid, with moderately seasonal 

precipitation and strongly seasonal temperatures that vary depending primarily on elevation. 

Weather station data suggest historical mean annual air temperatures of approximately 7.8–

11.7°C and mean annual precipitation ranging from about 27.5–38.0 cm over much of the 

watershed (Western Regional Climate Center, 2015). Precipitation is weakly bimodal, with 

North American monsoon (NAM) summer thunderstorms between July and September 

generating more than half the annual total (Western Regional Climate Center, 2015). Runoff 

occurs mainly in response to these often intense and localized monsoon storms, although 

infrequent, late summer or early fall tropical cyclones from the eastern Pacific can result in 

unusually heavy and more widespread rains (Smith, 1986; Dean, 1988; Adams and Comrie, 

1997).  

Winter precipitation is mostly linked to 2–10-year El Niño Southern Oscillation 

(ENSO) cycles driven by fluctuations in sea surface temperatures and surface air pressure 

between the east and west tropical Pacific Ocean (Andrade and Sellers, 1988). The 

southwestern U.S. experiences wetter, cooler winters during El Niño years and relatively 

drier and warmer winters during La Niñas (Kiladis and Diaz, 1989). The Pacific Decadal 

Oscillation (PDO), which alternates between warmer and colder phases every 20 to 30 years, 

also influences the central and eastern tropical Pacific Ocean. Winter drought in the 

Southwest is linked to colder PDO phases, whereas warm PDO phases can enhance El Niños 

(Sheppard et al., 2002). Harrington et al. (1992) has suggested that the monsoon pattern may 

be weaker during El Niños, and Webb and Betancourt (1992) has proposed a correlation 

between El Niños and tropical storms.  
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Areas immediately west of the study area tend to receive more winter precipitation 

and have a more distinctly bimodal precipitation pattern (Dean, 1988:Figure 5.1; Dean, 

1996:Figure 5). The sinuous boundary between the two precipitation patterns is determined 

by the relative strengths of the air masses that bring winter and summer moisture, and 

accordingly its location has shifted over time (Dean, 1988). Therefore, the Carrizo Wash 

watershed likely experienced prehistoric periods with significantly greater winter and/or 

summer precipitation than is characteristic of the historical climate record. 

Methods	  

To reconstruct the alluvial history of the Carrizo Wash basin within a high-resolution 

temporal framework, field efforts focused on documenting the lithostratigraphy, 

allostratigraphy, and soil-stratigraphy at numerous locations throughout the watershed and 

analytic efforts concentrated on extensive 14C dating of organic matter collected from study 

exposures. The stratigraphic framework is based on more than 60 dated stratigraphic profiles 

(Table 2). Study sites consist mostly of natural exposures created by 1–10-m-deep arroyos 

cut into alluvial fan and floodplain deposits in mid-elevation portions of the watershed 

between roughly 1900 and 2000 m, although several locations were cored with a Giddings 

rig. Study localities were selected based on the presence of fresh exposures, accessibility, 

well-expressed stratigraphy, paleochannels, and dateable materials. When necessary, an 

extension ladder aided access to the upper portions of stratigraphic sections. The study sites 

include a handful of profiles previously investigated by VanBuskirk (2004), Onken (2005), 

and Huckleberry and Duff (2008). 
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The stratigraphic sections were documented with scale profile drawings and detailed 

soil and sediment descriptions. Lithostratigraphic units (based on physical characteristics), 

pedostratigraphic units (based on soils), and allostratigraphic units (based on bounding 

unconformities) were identified at each locality. Field sedimentology descriptions of each 

unit, including texture, mineralogy/lithology, and bedding structures were recorded. Soil 

horizons were differentiated, and characteristics including color, texture, structure, and 

consistence were described in the field following the definitions and nomenclature of the Soil 

Survey Manual (Soil Survey Division Staff, 1993). Samples collected for laboratory analysis 

and dating include sediment, plant macrofossils, and minute gastropods. When feasible, I 

correlated stratigraphic units in the field by physically tracing them; otherwise, tentative 

correlations were verified or revised with 14C dating or age ranges of associated 

archaeological ceramics.  

Profiled alluvial fan exposures are concentrated in piedmont areas south of the Largo 

Creek–Carrizo Wash confluence near Zuni Salt Lake, an area referred to here as the Cox 

Ranch piedmont. The Cox Ranch portion of the study area includes six subareas, each 

associated with fan alluvium that accumulated in embayments along mesa margins (Figure 

1). These fans are at ~2000–2100 m elevation in areas now covered with desert grassland 

vegetation. Their 1.15 –8.5 km2 upland catchment areas extend to ~2300 m elevation and are 

largely juniper savannah and pinyon-juniper woodland (Figure 2b; Tables 2 and 3). Bedrock 

in the Cox Ranch piedmont area consists mostly of Moreno Hill Formation sandstones and 

mudstones. The area lacks a well-defined axial drainage, with most areas draining into Cheap 

John Lake or Zuni Salt Lake (Huckleberry and Duff, 2008). 
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The four valley study areas are located along the main trunk of Carrizo Wash and its 

major tributaries at elevations ranging from 1880–2050 m (Figure 1; Tables 2 and 3). The 

Nations Draw area lies in a headwater tributary draining the northeastern part of the larger 

Carrizo Wash catchment. The Largo Gap area catchment extends to elevations of almost 

3100 m and includes a relatively large area drained by Largo Creek and its tributaries in the 

southeastern headwaters of the watershed. The Old Corn area, located along Carrizo Wash 

below the confluence of Nations Draw and Largo Creek, is upstream of a narrow, bedrock-

constricted reach, and its catchment drains roughly half of the larger watershed (Figure 2a). 

The Cienega Amarilla and adjacent Cottonwood Canyon catchments include high elevation 

areas approaching 2900 m and consist of tributaries that drain the southwestern quarter of the 

watershed and join Carrizo Wash below the Old Corn area.  

A total of 197 14C ages (including 28 previously published dates and 44 dates 

presented in Appendix B) (Figure 3; Table 4) augmented by temporally diagnostic prehistoric 

ceramics, provide age control for the alluvial sequences. Organic matter identified as short-

lived plant parts (e.g., seeds, stems, and twigs), plant types (e.g., grasses, shrubs, etc.), or 

fauna (e.g., snail shells) was preferentially selected for 14C dating. Dated samples include 

material from archaeological features (e.g., hearths and roasting pits) and detrital 

macrofossils found in non-archaeological contexts. Radiocarbon dating was conducted at the 

NSF-Arizona Accelerator Mass Spectrometry Laboratory. Charcoal 14C pretreatment 

consisted of the standard acid–base–acid (ABA) protocol, and shell pretreatment included 

sonication in 3% H2O2 followed by multiple rinses with milli-Q water. The OxCal v. 4.2 

program (Ramsey, 2009), which utilizes the IntCal13 calibration curve (Reimer et al., 2013), 

was used to convert radiocarbon ages to calendar years and to model temporal boundaries 
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between stratigraphic units and subunits. OxCal uses Bayesian statistics to integrate all of the 

available chronometric and stratigraphic data and constraints. This type of analysis uses the 

inputted stratigraphic order to reweight the age distributions and is especially helpful when 

age distributions overlap (Lienkaemper and Ramsey, 2009), as is the case with this study’s 

chronometric data. OxCal age modeling inputs included stratigraphic relations and 14C ages. 

When appropriate, the radiocarbon ages were grouped into “phases” consisting of 

stratigraphically related samples. The known stratigraphic relations between individual ages 

and groups of ages were enforced by an ordered sequence. Beyond convolving the 

uncertainties associated with each date to produce a probability density function (PDF) for 

each age, OxCal uses the provided stratigraphic constraints to trim the PDFs. In this paper, 

uncalibrated 14C ages are expressed as years BP, whereas calibrated dates are expressed as 

cal BP. When discussing the general timing of events, ka is used to express thousands of 

calendar years before present (AD 1950). Holocene subdivisions used here include early 

Holocene (~11.7–8.0 ka), middle Holocene (~8.0–5.0 ka), late Holocene (~5.0–2.7 ka), and 

latest Holocene (~2.7–0 ka).  

Stratigraphy	  and	  geochronology	  

Holocene deposits in the Carrizo Wash watershed were divided into seven 

allostratigraphic units based on bounding unconformities. These were designated units 1–7 

and were correlated across space with 14C dates or archaeological material. Two of these 

units were subdivided into temporally discrete packages identified in multiple places. These 

subdivisions were assigned lower case alphabetic suffixes (e.g., 3a, 3b, etc.). Subscripts “v” 

and “f” indicate valley and alluvial fan facies, respectively. Unit 1 dates to the early 
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Holocene, unit 2 to the middle Holocene, unit 3 to the late Holocene, and units 4–7 to the 

latest Holocene.  

Holocene alluvial deposits in both piedmont and valley contexts within the Carrizo 

Wash watershed consist primarily of alternating layers of sandy and clayey alluvium (Figures 

4–7; Table 5), and these layers tend to have relatively widespread lateral continuity. This 

“layer cake” stratigraphic architecture, in which each period of deposition raises the stream 

grade higher, has resulted in valley floors and fan surfaces generally lacking terraces. The 

stratigraphic units are separated by minor unconformities that represent brief depositional 

hiatuses sometimes accompanied by arroyo cutting indicated by infilled paleochannels 

(Figures 4–8). Weakly developed soils formed in the clayey sediments exposed at the surface 

during these hiatuses (Table 5). 

Each allostratigraphic unit generally consists of at least one sand-mud couplet. The 

sandy portion of these couplets varies greatly in thickness, generally ranging from 20 cm to 

more than 3 m thick. Textures are predominantly poorly sorted sand and silty sand, although 

thin lenses of finer material (usually massive mud or laminated mud, silt, or sandy silt) are 

often present. Gravel is typically restricted to occasional pebble lenses, especially at the base 

of coarser sandy strata. The sand deposits often fine upwards and range from massive to 

bedded. Horizontal bedding, ripple cross-laminations, and trough cross-bedding are the most 

prevalent sedimentary structures. The clayey upper portion of the couplets is usually 15–40 

cm thick with silty clay to sandy mud textures, although thin sand lenses are sometimes 

present. The clayey layers are usually overprinted by weakly expressed soils (Table 5) that 

suggest depositional hiatuses. Radiocarbon ages of archaeological features on these soil 

paleosurfaces and within overlying deposits suggest that these hiatuses were brief, typically 
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lasting less than a century or so.  Archaeological features within both sandy and clayey layers 

indicate that deposition was episodic. 

Unit 1  

Stratigraphic unit 1 consists of early Holocene alluvium found in both valley (1v) and 

piedmont (1f) contexts. Stratum 1 exposures are not common, and it is exposed primarily in 

arroyo cuts deeper than ~5 m. This suggests that most early Holocene deposits are deeply 

buried and more widespread than is apparent in arroyo wall exposures. In piedmont contexts, 

unit 1f consists of alternating beds of sandy and clayey fan alluvium. Unit 1f is best 

represented at Cox Ranch West where it is >4 m thick and contains four or more sand-mud 

couplets. Eight 14C ages directly associated with Cox Ranch West stratum 1f deposits suggest 

that unit 1f piedmont deposition occurred primarily between ~9150 BP and ~6700 BP 

(10,350 cal BP and 7550 cal BP) (Figure 4 and Table 4). Several other 14C ages suggest that 

unit 1f is also present at Cox Ranch South, Cerro Pomo, and possibly Cox Ranch Pueblo. At 

Cox Ranch South (profile 11-32) this unit consists of massive mud overprinted with a 20 cm 

thick Bt horizon overlying a thick Bwk horizon with stage II carbonate (Figure 8). In the 

Cerro Pomo area, unit 1f contains a significant amount of redeposited Cerro Pomo tephra.  

Stratum 1v deposits consist of thick accumulations of clay-rich floodplain sediment 

present in Old Corn and Nations Draw valley contexts. At Old Corn, unit 1v consists of more 

than a meter of silty clay containing charcoal 14C dated to ~7850 BP (8700 cal BP), whereas 

at Nations Draw it consists of a thick (>3 m) accumulation of clay and silty clay underlying a 

~6100 BP (7050 cal BP) date (Figure 5). The base of unit 1v is not exposed at either of these 

locations.  
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Unit 2  

Stratigraphic unit 2 consists of thick, middle Holocene deposits documented primarily 

at valley sections in the Old Corn, Nations Draw, and Largo Gap areas (Figure 5). Fourteen 

14C dates indicate that most (~4 m) of this valley aggradation took place between ~6100 BP 

and 4600 BP (7050 cal BP and 5300 cal BP). Seven additional 14C dates indicate that unit 2 

deposition continued until ~4450 BP (5100 cal BP) along a 2-km-long reach in the Nations 

Draw area. This later, ~3-m-thick pulse is designated 2bv, whereas the earlier deposits in this 

area and elsewhere are designated 2av. Unit 2av at Largo Gap consists primarily of sandy, 

bedded alluvium. Bt horizons formed in sandy mud with ~5650 BP and 4350 BP ages (6450 

cal BP and 5050 cal BP), and distinct 5–20-cm-thick A horizons with ~5400 BP and 4350 BP 

(6200 cal BP and 5050 cal BP) ages are present. Unit 2av at Old Corn profile 11-38 is 

substantially finer grained, consisting of ~2 m of sandy mud capped by almost 3 m of mud. 

These muds are likely eroded from nearby Chinle shale outcrops flanking the valley margins 

in this area (Figure 7b). Unit 2av alluvium in the lower reach of Nations Draw (Figure 7a) is 

generally sandy and similar to correlative deposits at Largo Gap, except that soil 

development is weaker (Bw horizons). Almost 5 km up-valley, however, Nations Draw unit 

2av alluvium is dominated by silty clay (Figure 6). Unit 2bv deposits in the upper Nations 

Draw area consist predominantly of bedded sand that is interbedded with clay, especially 

near the top. 

The scarcity of middle Holocene unit 2f alluvium in the piedmont area implies an 

unconformity at the top of unit 1f. Unit 2f deposits are limited to two isolated piedmont 

occurrences (Figure 4). In distal fan areas of the Cox Ranch Pueblo area, unit 2f is ~3-m-

thick and contains two 14C dates of ~5100 BP (5800 cal BP) (Figure 5b). A 70-cm-thick layer 
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of weakly soil-altered sandy mud at Cerro Pomo is bracketed by 14C ages of ~4600 BP and 

6350 BP (5300 cal BP and 7300 cal BP), suggesting slow unit 2f aggradation or soil 

development at this location during this interval. 

Unit 3  

Unit 3 late Holocene alluvium was divided into two subunits (3a and 3b). In Nations 

Draw, Old Corn, and Largo Gap valley contexts, unit 3av consists of paleochannel fill 

deposited in 2–4+-m-deep arroyos entrenched into unit 2v alluvium (Figures 6 and 7). The fill 

varies sedimentologically, but tends to fine upwards and is usually dominated by 

interlaminated mud and silty sand with interspersed thicker beds of ripple cross-laminated 

silty sand. Cross-bedded sand dominates the lower portion of the 3av channel fill at upper 

Nations Draw (Figure 7a) and at least the upper 1.7 m of the 3av fill at Largo Gap. Channel 

entrenchment predating the channel filling occurred sometime between ~4450 BP and 4050 

BP (5100 cal BP and 4550 cal BP). An archaeological feature and a Succinid shell at the top 

and base of the channel fill, respectively, both date ~3900 BP (4350 cal BP), suggesting rapid 

arroyo infilling in the Old Corn area. Unit 3bv at Largo Gap and Nations Draw floodplain 

exposures is usually 0.7–1.5 m thick and consists of a sand-mud couplet dated by four 

radiocarbon ages ranging from ~3600–3100 BP (3950–3300 cal BP). In the Nations Draw 

area, the top of unit 3bv is exposed at the modern ground surface over most of the floodplain 

(e.g., Figures 6, and 7a). Unit 3bv may be present in the Old Corn area based on stratigraphic 

relationships, but it was not directly dated and the alluvium in question could alternatively 

represent either unit 3av or 5bv.  

Although no evidence of subunit 3a was found in piedmont areas, subunit 3b deposits 

are extensive and consist of a ~1–7+-m-thick package with as many as four sand-mud 
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couplets (Figures 4 and 5a). Unit 3bf fan deposits are well dated between ~3750 and 2550 BP 

(4100 and 2650 cal BP) by 29 radiocarbon dates, including many on short-lived plant and 

mollusk macrofossils from archaeological features. At Cox Ranch West, unit 3bf 

unconformably caps an undulating, eroded unit 1f surface. Most piedmont study profiles are 

dominated by late Holocene unit 3bf sediments characterized by unusually rapid depositional 

rates that averaged ~3 m/ka but were as high as 5–10 m/ka during shorter intervals of less 

than 2–3 centuries. Unit 3bf depositional rates, however, slowed markedly after ~3100 BP 

(3300 cal BP).  

Unit 4  

Unit 4 is relatively widespread in piedmont study areas where it consists of locally 

thick packages of latest Holocene sandy fan alluvium interbedded with finer lenses (Figures 

4 and 5a). In contrast, it is conspicuously absent in the valley study areas (Figure 6), except 

for contemporary deposits identified in the Cienega Amarilla area (Appendix B). Twelve 14C 

dates provide age control for unit 4f and range from ~2470 BP (2550 cal BP) near its base to 

~2060 BP (2030 cal BP) near its upper contact. Depositional rates during unit 4f aggradation 

were generally slower than during the unit 3bf period but are similarly accelerated (~3–6 

m/ka) at some Cox Ranch West and Cerro Pomo localities. In Cox Ranch piedmont areas, 

unit 4f appears to conformably overlie unit 3bf. It was differentiated as a distinct 

allostratigraphic unit, however, because of a ~2600 BP (2700 cal BP) unconformity 

identified in the Cienega Amarilla area (Appendix B).  
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Units 5 and 6 

Unit 5v is latest Holocene valley fill alluvium documented only in the Old Corn area 

(Figure 6). This unit is ≥1.8 m thick and consists of purplish red clay and silty clay 

slopewash derived from nearby Chinle formation outcrops flanking the Old Corn reach of the 

valley. The upper 50 cm of unit 5v appears enriched with pedogenic organic matter. Five 

radiocarbon ages ranging from ~2060–1270 BP (2030–1180 cal BP) are associated with unit 

5v. A 1.5–2 m deep paleochannel cut into the unit 5v surface is overfilled with 6v alluvium 

that caps the 5v surface. Unit 6v is ~1.0–3.7 m thick and consists of as many as two sand-mud 

couplets consisting of thinly bedded or laminated sand and sandy silt capped by weakly soil-

altered mud. Eight radiocarbon ages ranging from ~1180–910 BP (1110–830 cal BP), as well 

as prehistoric ceramic sherds dating to the AD 1000–1150 interval, are associated with unit 

6v. The older of two latest Holocene paleochannels in the Nations Draw area was tentatively 

correlated with the 6v channel at Old Corn based on a ~1060 BP (990 cal BP) radiocarbon 

date and a post-AD 900 prehistoric ceramic sherd from the channel fill.  

Fan alluvium contemporaneous with units 5v and 6v is widespread in piedmont study 

areas and is designated unit 5-6f because no discernible unconformity separates the two units 

(Figures 4 and 5a). An unconformity between unit 5-6f and the underlying, older alluvium 

was created by localized channel entrenchment that is most evident at Cox Ranch South 

(Figure 8) and to a lesser extent at Cox Ranch West (Figure 4). Unit 5-6f typically consists of 

a single, 0.5–1.0-m-thick sand-mud couplet. Unit 5-6f deposits in the Cox Ranch piedmont 

area contain charred plant macrofossils that yielded four radiocarbon dates ranging from 

~1870–1650 BP (1800–1550 cal BP), as well as several older dates on samples that appear 

redeposited. The minimum age of unit 5-6f is constrained by the oldest date (~890 BP [820 
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cal BP]) associated with unit 7 (see below). Unit 5-6f piedmont depositional rates are 

generally much slower than those associated with units 3bf and 4f. At Cerro Pomo and Cox 

Ranch Pueblo, the top of unit 5-6f was a Pueblo II occupation surface. Archaeological pit 

features dating ~960 and 990 BP (860 and 880 cal BP) are associated with the 5-6f surface, 

including one at Cerro Pomo that contains the articulated remains of at least seven turkeys. 

At Cox Ranch Pueblo, masonry walls associated with a Pueblo II Chacoan outlier site dating 

~AD 1050–1130 (Huckleberry and Duff, 2008) originate on the unit 5-6f surface. The 

archaeological and 14C evidence implies that 5-6f piedmont deposition generally ended by 

~900 years ago.  

Unit 7 

Unit 7f was found at all of the piedmont subareas and is associated with an inset 

paleochannel fill documented everywhere except at Cox Ranch West (Figure 4). This 

paleochannel fill was quite extensive, especially in the McKinley Tank area where the 

channel is more than 90 m wide and as much as 6–7 m deep. The channel fill consists 

primarily of horizontally and cross-bedded sand with occasional lenses of pebbles, mud, silt, 

and organic flotsam. Age control for unit 7f channel fill alluvium includes seven pith dates of 

~890–290 BP (820–310 cal BP) on standing juniper trees buried as the channels filled and 

two dates (570 and 360 BP; 590–410 cal BP) on organic-rich lenses of flotsam. In some 

places, the uppermost part of unit 7f likely includes a thin veneer of sand or gravelly sand 

associated with the formation of modern arroyos in the late 1800s or early 1900s.  

In valley contexts in the Nations Draw and Old Corn areas, unit 7v is associated with 

inset paleochannel fills (Figure 6). These paleochannels are typically ~3.5 m deep and 

infilled with alluvium similar to piedmont unit 7f channel fills. A low terrace is present along 
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some reaches in the Old Corn area where this paleochannel never completely filled. Unit 7v 

floodplain deposits contain a buried juniper with a pith date of ~390 BP (440 cal BP) and 

detrital charcoal that dated ~320 and 210 BP (390 and 220 cal BP). A ~910 BP (830 cal BP) 

detrital charcoal date associated with unit 6v in the Old Corn area provides a maximum age 

constraint on unit 7.  

Discussion	  

Alluvial history 

This study identified seven alluvial cycles of incision (and/or soil formation) followed 

by aggradation in the Carrizo Wash watershed (Figure 9). In this section, the basin’s 

Holocene alluvial history is outlined, including the findings of investigations in the Cienega 

Amarilla area located within a major Carrizo Wash tributary near the New Mexico–Arizona 

state line (Figure 1) (Appendix B).  

Early Holocene deposition postdates latest Pleistocene volcanic eruptions at Cerro 

Pomo cinder cone and Zuni Salt Lake maar (Appendix A). Unit 1 deposition began prior to 

~10.2 ka, ending by ~7.5 ka in piedmont areas and by 7.1 ka in valley contexts. Early 

Holocene aggradation was followed by a brief depositional hiatus and period of soil 

formation perhaps accompanied by channel entrenchment.  

Significant middle Holocene deposition in valley contexts occurred primarily 

between 7.1 and 5.3 ka (unit 2av), but continued as much as four centuries longer in some 

floodplain areas (unit 2bv). This was likely accompanied by extensive piedmont fan 

deposition, although little direct evidence is preserved. Mid-Holocene valley aggradation was 
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followed by a major arroyo-cutting episode sometime during the ~4.9–4.6 ka interval. The 

~4.9 ka arroyo paleochannels in the Nations Draw and Old Corn floodplain areas were 

completely infilled (unit 3av) by ~4.3 ka. Although no direct evidence of coeval arroyo 

formation was found in piedmont areas, the widespread scarcity of middle Holocene fan 

alluvium suggests extensive erosion of alluvial fan deposits at the end of the middle 

Holocene. A similar, apparent absence of middle and early Holocene floodplain deposits in 

the Cienega Amarilla area implies contemporaneous floodplain degradation there as well 

(Appendix B).  

Late Holocene aggradation (unit 3b) during the subsequent 4.3–2.7 ka interval was 

extensive in piedmont areas but comparatively minor in most valley areas, and spring 

discharge was relatively low at Cienega Amarilla (Appendix B). From 2.7–2.0 ka, piedmont 

fan aggradation (unit 4f) varied spatially. Most valley areas, as well as some piedmont areas, 

experienced a depositional hiatus and soil formation. One exception was at Cienega 

Amarilla, where a major pulse of valley aggradation ~2.7–2.5 ka likely resulted from up-

valley arroyo cutting (Appendix B). By ~2.3 ka, however, a rapidly growing travertine spring 

mound surrounded by a marsh formed at Cienega Amarilla.  

In piedmont areas, the 2.7–2.0 ka period of fan deposition was followed by localized 

arroyo cutting ~1.9–1.8 ka and subsequent channel filling and aggradation (unit 5-6f) that 

ended by ~0.9 ka. No indication of channel entrenchment ~1.9 ka is evident in valley floor 

contexts, although the Cienega Amarilla marsh, which reached its maximum extent by ~1.9 

ka probably experienced a brief dry period ~1.8 ka (Appendix B). In the Old Corn valley 

area, localized floodplain aggradation (unit 5v) occurred from ~2.0–1.2 ka, and this alluvium 

appears to be slopewash eroded from adjacent Chinle Formation hillslopes flanking the 
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valley. Around 1.6 ka, the marsh at Cienega Amarilla began drying and shrinking, and by 1 

ka runoff-dominated floodplain processes had replaced the pre-existing groundwater-

dominated system (Appendix B). 

Renewed channel entrenchment in the Old Corn area during the ~1.2–1.1 ka interval 

was followed by channel filling and minor floodplain aggradation (unit 6v) until ~0.8 ka. 

Channel entrenchment ~1.2 ka and subsequent infilling also occurred in the Nations Draw 

area, and possibly in the Cox Ranch Pueblo area based on 14C-dated detrital wood charcoal 

reported by Huckleberry and Duff (2008). The last prehistoric episode of arroyo cutting in 

the Carrizo Wash watershed took place ~0.8 ka and appears substantially more extensive 

than the ~1.9 ka and historical period events. Subsequent channel filling (unit 7) occurred 

primarily between 0.7 and 0.3 ka. The establishment of several different-aged juniper cohorts 

within the channel as it infilled suggests episodic filling with periods of slow aggradation and 

low energy discharge.  

Prehistoric arroyo cutting in the Carrizo Wash watershed at ~4.9, 1.9, 1.2, and 0.8 ka, 

as well as possible incision at ~7.5 and 2.7 ka, is roughly contemporaneous with channel 

entrenchment documented elsewhere in the southwestern U.S. The alluvial record of Zuni 

River tributary valleys immediately north of the Carrizo Wash watershed also contains 

evidence of arroyo-cutting episodes dating approximately 7.5, 4.9, 2.7, 1.2, and 0.8 ka (Wells 

1987, 1988; Hall, 1990). All of these episodes, with the exception of the ~0.8 ka event and 

the addition of the ~1.9 ka event, have been documented in the Gila River watershed in 

southeastern Arizona (Waters and Haynes, 2001). The ~2.7 ka and 0.8 ka arroyos are evident 

in the middle Rio Puerco Valley record in northeastern New Mexico (Nials, 2003), and the 
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~1.2 ka arroyo has been documented at Chaco Canyon in northwestern New Mexico (Hall, 

1977). 

Correlations with climate variability 

Early Holocene 

The early Holocene (~11.7–8.0 ka) in the southwestern U.S. was cooler and moister 

than today but generally warmer and drier than the preceding late Pleistocene, as indicated by 

cessation of speleothem growth (Polyak et al., 2004; Asmerom et al., 2010; Wagner et al., 

2010), lower pluvial lake levels (Markgraf et al. 1984; Waters 1989; Allen and Anderson 

2000:1454; Langford 2003), depressed water tables and spring discharge (Quade et al., 1998; 

Hall et al., 2012; Smith, 2012), and significant vegetation change (Markgraf et al., 1984; 

Carrara et al., 1984; Jimenez-Moreno et al., 2008; Wurster et al., 2008; Hall and Penner, 

2013). Marked seasonality during this period stemmed from a winter insolation minimum 

and a summer insolation maximum (Holmgren et al., 2007). Generally warm, wet summers 

and cold, dry winters have been inferred for this period based on pollen, packrat midden, and 

oxygen-isotope records in the region (Markgraf et al., 1984; Betancourt, 1990; Anderson et 

al., 2000; Anderson, 2011). Lake highstands from 9.6–9.0 ka in northern Mexico have been 

attributed to increased effective precipitation associated with early Holocene intervals of 

enhanced ENSO (Castiglia and Fawcett, 2006), consistent with a contemporary period of 

strong, frequent El Niño’s evident at the beginning of Conroy et al.’s (2008) Junco Lake 

(Galapagos Islands) sediment record (Figure 10b). Although the Gulf of Mexico NAM 

record suggests relatively weak monsoonal circulation during the early Holocene (Figure 

10a) (Poore et al., 2005), ponderosa pine pollen dominates early Holocene packrat middens 
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at Chaco Canyon (36°N) (Drake et al., 2012) suggesting that monsoonal moisture penetrated 

as far north as the Carrizo Wash study area (~34.4º N).  

The Pleistocene–Holocene transition in many areas of the southwestern U.S. is 

characterized by increased sediment yield from hillslopes destabilized by vegetation change 

resulting from climatic warming and drying (Bull, 1991; McFadden and McAuliffe, 1997). In 

the Zuni Salt Lake piedmont area, vegetation change and hillslope runoff-sediment yield 

during this transition would have been further disrupted by pyroclastic airfall and wildfires 

associated with eruptions at Zuni Salt Lake maar and Cerro Pomo cinder cone during the 

~13.5–11.5 ka interval (Appendix A). Rates of fan deposition immediately after the eruptions 

were probably quite accelerated; however, by ~10.3 ka (the age of the oldest piedmont fan 

deposits exposed), fan aggradation was not particularly high (~2 m/ka). Early Holocene 

valley floodplains in the Carrizo Wash watershed, at least after ~9 ka, are characterized by 

slow aggradation of clay-rich alluvium. This suggests that most sediment eroded from the 

upland slopes during the early Holocene was stored on piedmonts as alluvial fan deposits, 

with a relatively minor amount of fine sediment reaching the valley floors. Early Holocene 

floodplains were therefore probably relatively stable, slowly aggrading, and densely 

vegetated surfaces.  

Middle Holocene 

The middle Holocene (~8–5 ka) in the southwestern U.S. is usually characterized by 

continued warming and drying, with the highest temperatures and the lowest effective 

moisture of the Holocene epoch. These shifts are evident in multiple lines of regional 

paleoenvironmental proxy evidence including packrat middens (Van Devender, 1990; 

McAuliffe and VanDevender, 1998; Holmgren et al., 2007), desiccation and deflation of lake 
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basins (Waters, 1989; Davis and Shafer, 1992; Anderson, 1993; Hasbargen, 1994; Menking 

and Anderson, 2003), declining ponderosa pine pollen at Chaco Canyon (Hall, 1977), 

cessation of stalagmite growth (Polyak and Asmerom, 2001), shifting treelines (Fall, 1997), 

replacement of juniper scrub with desert scrub in the desert basins (Spaulding et al., 1983; 

Van Devender et al. 1987; Van Devender, 1990), as well as decreased spring discharge and a 

significant lowering of water tables (Haynes, 1968; Karlstrom, 1988; Quade et al., 1998). 

Mid-Holocene aridity in the southwest U.S. appears to have been most pronounced from 

~8.3–6.3 ka (Hall, 1985; Mehringer, 1985; Holliday, 1989; Spaulding, 1991; Asmerom et al., 

2007).  

El Niños during the middle Holocene were generally weak and infrequent (Conroy et 

al., 2008), while monsoonal circulation reached its most enhanced Holocene level, especially 

from ~7.5–6.0 ka (Poore et al., 2005) (Figure 10). These patterns imply summer-dominant 

precipitation in the core area of the southwestern U.S. during the middle Holocene and are 

supported by a growing number of investigations, including packrat midden, cave, lake, and 

climate modeling studies (McAuliffe and Van Devender, 1998; Harrison et al., 2003; 

Menking and Anderson, 2003; Holmgren et al., 2006, 2007; Cole et al., 2007; Wurster et al., 

2008; Truebe et al., 2011; Barron et al., 2012). 

Soil formation and possible arroyo-cutting in Carrizo Wash valleys during the 7.5–7.2 

ka interval coincides with an interval of weak NAM circulation that punctuated the general 

mid-Holocene trend of monsoon intensification and diminished ENSO (Poore et al., 2005; 

Conroy et al., 2008) (Figure 10). Floodplains were prone to entrenchment because of lowered 

alluvial water tables resulting from relatively sustained dry winter conditions (Waters and 

Haynes, 2001; Menking and Anderson, 2003; Conroy et al., 2008) beginning ~9 ka, coupled 
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with the onset of frequent, intense summer rainfall, and clayey floodplain surface deposits 

with low infiltration characteristics. Soil formation and possible channel incision, however, 

also coincide with a 7500–6700 cal BP period of reduced flooding in the southwest (Figure 

10) (Harden et al., 2010) and a brief period of moister conditions in the Estancia Basin 

(Menking and Anderson, 2003), suggesting that the causal relationships are complex. 

Widespread accelerated mid-Holocene Carrizo Wash floodplain aggradation from 

~7.1–5.3 ka was coincident with the duration of peak NAM intensity (Figure 10) (Poore et 

al., 2005). Flashy runoff from warm-season storms was arguably conducive to hillslope 

erosion facilitated by drought-weakened vegetation cover. A sizeable amount of sediment 

eroded from the uplands during this time was transported beyond piedmont contexts to 

accumulate on active Carrizo Wash headwater floodplains dominated by intermittent braided 

stream systems capable of moving sediment-laden runoff (Figure 11a). The localized, 

secondary pulse of floodplain aggradation from ~5.3–4.9 ka was synchronous with the global 

5.1 ka event, which is evident in northwestern New Mexico (Chaco Canyon) packrat midden 

pollen as a period of accelerated aridization from 5.4–5.1 ka (Drake et al., 2012). Mid-

Holocene floodplain aggradation ~7.1–4.9 ka at Carrizo Wash coincides very closely with a 

6700–4930 cal BP interval of increased flooding in southwestern rivers identified by Harden 

et al. (2010) (Figure 10c). Concentrations of semi-aquatic Succinid shells at both piedmont 

(Cox Ranch Pueblo) and valley (Nations Draw) localities dating ~6.0–5.8 ka are synchronous 

with a distinct spike in El Niño strength evident in Conroy et al.’s (2008) El Junco Lake 

record (Figure 10b) and suggest moist ground and nearby permanent water (Pigati et al., 

2004) in both piedmont and valley settings at this time.  
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Late and latest Holocene 

The 5–2.7 ka interval comprises the late Holocene and the onset of cooler and moister 

conditions following the relatively arid middle Holocene (Mayewski et al., 2004; Tausch et 

al., 2004). These changes are related to a shift to warmer, wetter winters and cooler, drier 

summers caused by increased winter and decreased summer insolation compared to the 

preceding early and middle Holocene (Kutzbach and Webb, 1993; Holmgren et al., 2007). 

This resulted in generally cooler, moister conditions with increased winter precipitation and 

greater effective moisture (Polyak and Asmerom, 2001; Holmgren et al., 2007). Increased 

effective moisture in the southwest U.S. during the late Holocene is supported by lake 

records (Enzel et al., 1992; Anderson, 1993; Wilkins and Currey, 1999) and cave records 

(Polyak and Asmeron, 2001). The onset of generally cooler, moister conditions coincides 

with slightly weakened monsoonal circulation beginning ~5 ka (Poore et al., 2005) and a 

substantial intensification of ENSO with more frequent and stronger El Niños after ~4.2 ka 

(Figure 10) (Hall, 1985; Ely et al., 1993; Rodbell et al., 1999; Conroy et al., 2008). Increased 

variability expressed as alternating periods of contrasting temperature and moisture 

conditions, however, also resulted from enhanced ENSO circulation (Mehringer, 1967; Hall, 

1985; Davis and Shafer, 1992; Ely, 1997; Waters and Haynes, 2001).  

Valley channel entrenchment and inferred erosion of upland piedmont areas occurred 

at the middle to late Holocene transition in the Carrizo Wash watershed ~4.9–4.6 ka. This 

degradation followed the previously discussed 5.1 ka aridification and coincides with an 

interval of substantially weakening monsoonal circulation and few large floods (Figure 10) 

(Poore et al., 2005; Harden et al., 2010). The cumulative effect of prolonged middle 

Holocene aridity likely lowered alluvial water tables. The plugs of sediment that accumulated 
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on the valley floors during the middle Holocene probably created longitudinal profiles with 

localized over-steepening, which along with lowered water tables and clayey surficial 

deposits, resulted in conditions primed for valley incision during high magnitude storms. 

Infilling of the entrenched channels from ~4.6–4.3 ka might indicate rising water tables and 

low energy stream discharge related to weakened monsoonal circulation and increasing 

winter precipitation (Figure 10) that fostered increased effective moisture and groundwater 

recharge.  

Most late Holocene Carrizo Wash piedmont and valley aggradation occurred during 

the ~4.6–3.2 ka interval, coinciding with a period of major regional flooding from 4500–

3350 cal BP (Figure 10) (Harden et al., 2010). Late Holocene rates of valley aggradation 

from ~4.6–2.7 ka are substantially reduced compared to the middle Holocene, but are much 

greater than the subsequent latest Holocene (Figure 11b). Late and latest Holocene 

aggradation is probably largely related to erosion associated with summer monsoon storms, 

although tropical cyclones may have played an increasingly important role (cf., Bacon et al., 

2010). Dampened depositional rates are probably related to a reduction in the number or 

intensity of summer storms generating flashy runoff coupled with increased floodplain 

vegetation fostered by greater effective moisture and rising groundwater that reduced the 

sediment load of the runoff reaching the main stream trunk. Late Holocene upland piedmont 

deposition in the Cox Ranch area was most accelerated and widespread during the ~4.3–3.2 

ka interval and is probably largely the result of hillslope erosion triggered by summer 

monsoons. During this time, relatively strong monsoons persisted, although Poore et al.’s 

(2005) Gulf of Mexico record suggests they were weaker or less frequent than during the 

mid-Holocene (Figure 10a). In contrast, ENSO was generally stronger than during the mid-
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Holocene but still somewhat weaker than during the subsequent latest Holocene (Conroy et 

al., 2008). Both fan and floodplain depositional rates appear to have slowed by ~3.2 ka, 

coincident with strengthening ENSO and sustained weakening of monsoonal circulation that 

began around that time. The development of arroyos and associated downstream aggradation 

~2.7 ka in the Cienega Amarilla area is attributed to increased runoff related to sparser 

hillslope vegetation destabilized by sustained weakening of monsoonal circulation and 

increased summer drought beginning ~3 ka (Appendix B).  

Little evidence exists for valley floor aggradation after ~3.2 ka except in the Cienega 

Amarilla and Old Corn areas (Figure 11c). The initial part of the post-3.2 ka period of 

decreased valley and fan aggradation at Carrizo Wash coincided with a 3310–2050 cal BP 

period of greatly reduced flooding (Ely et al., 1993; Harden et al., 2010) and a distinct period 

of enhanced El Niños (Conroy et al., 2008) (Figure 10). This pattern is consistent with 

Harden et al.’s finding of no strong relationship between increased flooding and enhanced 

ENSO during the Holocene but contradicts the common view that most large paleofloods in 

the southwestern U.S. are associated with enhanced El Niño conditions (e.g., Andrade and 

Sellers, 1988; Webb and Betancourt, 1992; Ely et al., 1993; Bull, 1997; Ely, 1997; Waters 

and Haynes, 2001; Hereford, 2002). At Cienega Amarilla, groundwater-discharge deposits 

indicate conditions of significantly elevated groundwater and enhanced spring discharge 

during most of the 2.3–1.6 ka interval (Appendix B). In the Old Corn area, a post-2 ka pulse 

of aggradation is evident, a significant portion of which appears to be sediment eroded 2.0–

0.8 ka from Chinle formation outcrops flanking the valley. Fan aggradation after ~3.2 ka was 

relatively minor and spatially localized compared to the ~4.3–3.2 ka period, with the most 

significant pulse occurring ~2.4–2.0 ka in the Cerro Pomo and Cox Ranch West areas (Figure 
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11c). Monsoonal circulation weakened substantially beginning ~3 ka (Poore et al., 2005), 

while El Niño frequency and strength increased, intensifying especially dramatically during 

the ~3.2–1.6 ka period (Figure 10) (Tudhope et al. 2001; McGregor and Gagan, 2004; 

Conroy et al., 2008).  

Many paleoenvironmental proxies in the southwest U.S. indicate especially wet 

and/or cool conditions during the ~3.2–1.6 ka interval, including speleothems (Polyak and 

Asmerom, 2001; Asmerom et al., 2007), groundwater discharge deposits (Quade et al., 

1998), tree rings (Grissino-Mayer, 1996), and soil isotopes (Hall and Penner, 2013). The late 

Holocene shift to increased winter precipitation would have resulted in greatly enhanced 

effective moisture that arguably promoted widespread denser vegetation cover and elevated 

alluvial groundwater levels. Denser vegetation would have effectively reduced piedmont fan 

aggradation and the sediment load of runoff reaching floodplain areas. In valleys, this 

probably resulted in more stable and narrower channels, slow aggradation of clayey 

alluvium, and increased incidence of periodic channel entrenchment.  

At least four episodes of arroyo-cutting (~1.9, 1.2, 0.8, and 0.1 ka) occurred during 

the last two millennia in the Carrizo Wash watershed (Figure 9), although only the two most 

recent appear to have been extensive. These closely spaced, latest Holocene alluvial cycles 

were preceded by a ~3.3–2.1 ka period of greatly reduced flooding (Figure 10) (Ely et al., 

1993; Harden et al., 2010). The dramatic increase in channel entrenchment after ~2 ka might 

be related to increased climatic variability associated with strengthened ENSO circulation 

and frequent fluctuations between wet and droughty conditions. Piedmont arroyo cutting 

~2.0–1.8 ka occurred during a period generally characterized by especially strong and 

frequent El Niños (Conroy et al., 2008). The Cienega Amarilla marsh, however, experienced 
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a brief dry period around this time (Appendix B) that I interpreted to represent the AD 122–

172 (1828–1778 cal BP) height of the second century drought evident in a number of 

southwestern U.S. tree-ring records (Routson et al., 2011) and in the soil isotope record at 

Abo Arroyo in central New Mexico (Hall and Penner, 2013). A minor, localized period of 

valley entrenchment documented in the Old Corn area ~1.2–1.1 ka might be linked to a 25-

year-long drought from AD 735–760 (Van West and Grissino-Mayer, 2005). Alternatively, it 

could be a geomorphic response to localized valley floor oversteepening. Widespread valley 

and piedmont arroyo cutting took place ~0.8 ka, and in the Cox Ranch piedmont area this 

erosion appears substantially more extensive than during the ~1.9 ka, ~1.2 ka, and historical 

period episodes. This entrenchment coincided with the 12th century drought, a period from 

AD 1130–1180 of severe, persistent, and widespread aridity across much of the southwest 

U.S., including west-central New Mexico (Van West and Dean, 2000; Woodhouse et al., 

2010). 

Latest Holocene arroyo formation in the Carrizo Wash area coincides with periods of 

drought, although the century-scale dating resolution of most of the incision episodes 

precludes definitively determining whether the incision occurred during or after extended dry 

periods. Either way, arroyo-cutting episodes appear to reflect geomorphic responses to rapid 

shifts from especially dry to wet conditions characteristic of late Holocene climate 

variability, consistent with the findings of Waters and Haynes (2001). 

Patterns in geomorphic responses to climate 

The changes in surface processes evident in the Carrizo Wash alluvial record that 

were discussed in the context of the region’s paleoclimatic history in the preceding section 

provide the basis for inferring how geomorphic systems in this watershed responded to 
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changing paleoclimatic conditions. Valley and fan aggradation in the Carrizo Wash 

watershed was most accelerated during periods with enhanced monsoonal and diminished 

ENSO circulation such as during the middle Holocene, the late Holocene, and, to a 

substantially lesser extent, the early Holocene (Figure 10). Summer-dominant precipitation 

and low effective moisture probably resulted in sparser vegetation cover which, along with 

the clayey surface soils present at the beginning of these periods, fostered conditions 

conducive to flashy runoff and more frequent large floods during summer monsoon storms 

that were probably more frequent and intense than today. This high-energy runoff flushed 

large amounts of sediment from upland areas, resulting in piedmont and valley aggradation 

(Figures 11a and 11b). Stream systems with wide braid belts likely developed in the valleys 

in response to the high sediment load. 

In contrast, fan deposition was substantially reduced and valley aggradation was 

negligible during latest Holocene intervals with diminished monsoons and enhanced ENSO 

(Figure 11c). Increased effective moisture resulted from increased winter precipitation, 

mostly delivered as snow by widespread, low intensity storms. Greater effective moisture and 

the resultant elevated alluvial water tables likely promoted denser vegetation cover, 

especially on distal alluvial fan surfaces and valley floors. Surface runoff reaching the main 

stream trunk was probably minimal with greatly diminished sediment loads. As a result, large 

floods were infrequent, valley aggradation was insignificant, and river channels were 

probably much narrower and more stable. Periodic minor fan aggradation was generally 

restricted to proximal fan areas and likely occurred during infrequent intervals of persistent 

La Niña conditions, strong monsoons, or early fall tropical cyclone storms.  
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Alluvial cycle length decreased over the course of the Holocene due to shorter 

aggradation intervals; however, the degradation portion of the cycles consistently lasted less 

than a few centuries. Alluvial cycle length was especially short during the latest Holocene, 

when cycle periodicity dropped to only 400–800 years. Frequent arroyo formation after ~2.7 

ka appears to be a geomorphic response to frequent shifts from especially dry to wet 

conditions characteristic of latest Holocene climate variability. New alluvial cycles also 

began during the transitions between the early and middle Holocene (~7.5 ka) and between 

the middle and late Holocene (~4.9 ka). These transitions coincide with relatively major 

shifts in precipitation seasonality and effective moisture that apparently triggered appreciable 

geomorphic responses by hillslope and valley subsystems. Channel entrenchment during 

these transitions, as well as during the more frequent latest Holocene transitions, was 

typically preceded by extended periods of drought, although not all periods of drought 

resulted in arroyo formation (Figure 11d). Other important co-variables conducive to arroyo 

cutting appear to have been high-intensity, warm season (monsoon or tropical cyclone) 

rainstorms, clayey surface deposits with poor infiltration capacity, and oversteepened valley 

gradients. 

Comparison to other southwest U.S. models 

A handful of investigations with objectives similar to the Carrizo Wash study have 

been conducted in areas with relatively erodible bedrock lithologies that are presumably 

sensitive to climatic change and do not limit sediment yields (Table 1) (Bull, 1991; 

McFadden and McAuliffe, 1997). Miller et al. (2010) attributed accelerated middle Holocene 

alluvial fan deposition from 6.2–4.2 ka in the eastern Mojave Desert of southeastern 

California to increased hillslope erosion caused by enhanced summer monsoons, suggesting 
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geomorphic responses similar to the Carrizo Wash record. Bacon et al. (2010) has proposed 

that more frequent, high-intensity warm season storms related to dissipating tropical cyclones 

and mesoscale convective systems associated with ENSO intensification caused accelerated 

late Holocene fan aggradation ~3.2–2.4 ka on piedmonts in southwestern Arizona. In 

contrast, Mann and Meltzer (2007) concluded that periods of strong monsoons in the 

headwaters of the Dry Cimarron River in northeastern New Mexico resulted in increased 

flooding, but they attributed valley aggradation to periods with weaker or less frequent 

monsoons when forest cover was reduced. Although this seems contradictory to the Carrizo 

Wash findings, the disparities might reflect differences in the dominant vegetation 

communities and the relative importance of winter precipitation on geomorphic processes in 

the respective watersheds. Compared to the Dry Cimarron headwaters, the Carrizo Wash 

watershed is relatively drier with less montane forest vegetation and appears more affected 

by variations in winter precipitation, factors that conceivably resulted in different 

hydrological and geomorphic responses to variations in monsoonal circulation.  

Karlstrom (1988) created a “model of hydroclimatic processes” for Black Mesa in 

northeastern Arizona. Although Karlstrom does not directly discuss precipitation seasonality, 

he associates “wetter” climates with higher water tables, suggesting that wetter conditions 

imply increased winter precipitation and enhanced ENSO. In Karlstrom’s model, wetter 

climates are associated with higher sediment yields and valley aggradation, a finding 

diametrically opposed to my Carrizo Wash conclusions. Working at Antelope Mesa in the 

same general area as Karlstrom, McFadden and McAuliffe (1997) correlated a ~5–2 ka 

period of significant valley aggradation with the onset of cooler, wetter conditions and 

strengthening ENSO. However, the age of the valley fill there is based primarily on soils and 
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geomorphic relationships, and 14C dating is limited to a minimum bracketing age at the base 

of a younger, inset alluvial package. Therefore this fill could conceivably date to the middle 

or latest Holocene and be largely the result of summer-dominant precipitation.  

The present Carrizo Wash study suggests a correlation between accelerated fan and 

valley aggradation and enhanced warm-season precipitation. This finding is consistent with 

studies investigating the role of Holocene climate change on geomorphic systems in lower-

elevation areas of southeastern California and southwestern Arizona (e.g., Bacon et al., 2010; 

Miller et al., 2010). Somewhat surprisingly, however, studies in closer geographic proximity 

and at more similar elevations have associated valley aggradation with increased winter 

precipitation (e.g., Karlstrom, 1988; McFadden and McAuliffe, 1997; Mann and Meltzer, 

2007). Winter Pacific frontal storms associated with ENSO and summer storms associated 

with NAM or dissipating tropical cyclones are a significant component of the climate of 

much of the southwestern U.S. Because past fluctuations in the strength and frequency of 

these moisture sources affected geomorphic processes on a regional scale, one would expect 

more continuity among geomorphic response models derived from different localities in the 

region than is evident. Variability among the studies may be due to differences in drainage 

basin size, lithology, topography, vegetation, precipitation amount and seasonality, as well as 

variation in dating accuracy and resolution. 

Summary	  and	  conclusions	  

Extensive field documentation and radiocarbon dating resulted in a detailed alluvial 

history of mid-elevation valley and piedmont areas of the Carrizo Wash watershed. Much of 

the alluvial chronology has century-scale resolution, making it one of the best-dated and 
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detailed Holocene alluvial sequences from the southern Colorado Plateau and the larger 

southwestern U.S. region. The Carrizo Wash alluvial history spans the entire Holocene, 

although early Holocene deposits in valley contexts are deeply buried with few exposures 

and little dateable material. Similarly, study of middle Holocene alluvial fan deposits was 

hindered by the rarity of exposed deposits of this age probably because of subsequent 

erosion.  

Comparison of the Carrizo Wash alluvial history with regional flood histories and 

paleoclimatic proxies of the strength of winter (ENSO) and summer (NAM) moisture sources 

confirmed that Carrizo Wash geomorphic systems were sensitive to regional climate change 

throughout the Holocene. Channel entrenchment was usually preceded by extended drought 

and occurred more frequently during (1) periods of increased climatic variability associated 

with enhanced ENSO conditions, (2) major shifts in effective moisture or precipitation 

amount and seasonality, and (3) periods with few large floods. Accelerated piedmont and 

valley aggradation occurred during periods with low effective moisture associated with 

enhanced NAM and weak ENSO circulation that resulted in sparse vegetation and increased 

flooding and runoff that flushed large amounts of sediment from upland areas. In contrast, 

intervals with higher effective moisture resulting from enhanced ENSO and weakened 

monsoons were associated with denser vegetation, increased precipitation infiltration and 

decreased flooding, which lessened runoff and sediment yield and resulted in reduced 

alluvial fan and valley aggradation. Disparities with other studies in the region asking similar 

questions suggest that geomorphic response to climate change remains poorly understood. 

The cause-and-effect relationships identified by this study are not necessarily relevant to 

areas with different watershed characteristics including lithology, topography, precipitation 
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amount and seasonality, and vegetation. Isolating the climatic mechanisms and identifying 

the critical thresholds driving alluvial cycles requires that alluvial cycles be accurately and 

precisely dated. Additional well-dated alluvial sequences in a wide-variety of contexts are 

needed to form the foundation of a sound, comprehensive model applicable to the larger 

region.  

A detailed geomorphic history of the Carrizo Wash area is an important prerequisite 

for elucidating the environmental conditions and circumstances associated with the adoption 

of agriculture and the development and subsequent reorganization of complex, regional 

socio-political systems in this part of the American Southwest. The results of this study are 

relevant to archaeological questions regarding how prehistoric groups responded to 

environmental change and how to best interpret surface site distributions over the landscape. 

Twenty-six deeply buried archaeological sites, including more than 85 features (mostly 

hearths) documented in arroyo exposures during this study, underscore the limitations of 

surface surveys in interpreting prehistoric settlement patterns in this region. Prehistoric 

agricultural potential, including the viability of floodwater and water-table farming, was 

dependent on many factors including arroyo cutting and filling, drainage catchment area, 

runoff and sediment yield dynamics, surface soil characteristics, and climate. As these factors 

changed over time and space, so did agricultural potential, prompting shifts in human 

subsistence and land-use patterns that sometimes contributed to broader cultural and 

demographic change. 

While it is impossible to predict exactly how modern global climate change will 

affect the American Southwest, many climate scientists predict temperature increases and 

drought, with decreased winter moisture and strengthened or delayed summer monsoons 
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(Lenart, 2005; Woodhouse et al., 2010; Cook and Seager, 2013). The Carrizo Wash study 

suggests that these climate changes might initiate accelerated upland erosion and increased 

flooding in headwater tributary valleys on the southern Colorado Plateau.  
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Table 1  
Southwestern U.S. geomorphic response models. 
Location Mean annual 

precipitation  
Number of 
dates 

Watershed 
size  

Climate change Geomorphic response 

Southwestern Arizona 
(Bacon et al., 2010) 

~9.3 cm 4 14C Not provided ENSO intensification, abrupt increase in climate 
variability, and associated increased frequency of high-
intensity, extremely high intensity warm season storms 
lasting several days that are related to dissipating 
tropical cyclones and mesoscale convective systems 
(3.3–2.3 ka) 
 

Alluvial fan aggradation (3.2–2.4 ka) 

Eastern Mojave Desert 
in SE California (Miller 
et al., 2010) 

~14 cm 8 14C 
14 OSL 

Not provided Increased Gulf of California sea-surface temperatures 
and enhanced warm-season monsoons (6.2–4.2 ka) 

Hillslope erosion and alluvial fan aggradation (6–3 ka) 

Enhanced cool season Pacific frontal storms (post 4.2 
ka) 
 

Fan incision and axial valley sediment transport (post-3 
ka) 

Antelope Mesa (Black 
Mesa area), Jadito Wash 
in northeastern Arizona 
(McFadden and 
McAuliffe, 1997) 
 

~26 cm 5 14C  
(all in 
younger 
alluvium) 

1–2.5 km2 Neoglacial (<5 ka) onset of cooler, wetter conditions  Accelerated valley aggradation 

Black Mesa in 
northeastern Arizona 
(Karlstrom, 1988) 

~26 cm 119 14C Not provided Drier periods/decreased precipitation Sparser vegetation, less runoff, and fewer floodsàlower 
sediment yieldsàdepressed water tables, more erosive 
stream flow (narrow channels, decreased sediment load, 
channel incision), and denser floodplain 
vegetationàdecreased eolian deposition and soil 
formation 

    Wetter periods/increased precipitation Increased runoff, increased flooding, higher water 
tablesàhigher sediment yields, valley aggradation, 
denser hillslope vegetation, wider valley 
channelsàdecreased floodplain vegetation and 
increased eolian activity 

Dry Cimarron River 
headwaters in 
northeastern New 
Mexico (Mann and 
Meltzer, 2007) 

38–59 cm 60 14C <40 km2 Strong, more frequent monsoons Increased flooding and increased forest 
vegetationàreduced hillslope sediment 
yieldàincreased erosion/incision of valley fills 

Weaker, less frequent monsoons Reduced flooding and forest coveràincreased slope 
erosion and sediment yieldàvalley aggradation 
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Table 2  
Carrizo Wash watershed profiles. 
Area Profile UTM coordinates (E/N)1 Elev. (m) No. 14C 

dates 

Piedmont     
   Cox Ranch Pueblo 10-13/Cox Ranch Arroyo Profile 12 702890/3807063 1983 8 
    10-19 702748/3807052 1986 2 
 10-21/Section 23 N. Arroyo3 702577/3806978 1991 2 
 11-30 702970/3807098 1981 2 
 11-31/12-2 702369/3806929 2000 10 
     
   Cox Ranch West 10-7 700896/3807125 2012 3 
 10-8/Section 22 East Arroyo Profile 22 700902/3807161 2009 2 
 10-9/11-35/Section 22 East Arroyo Profile 12 700822/3806807 2024 12 
 10-10 700818/3807020 2012 3 
 10-11 700867/3807102 2011 1 
 12-4 700455/3807091 2019 3 
 12-5 700448/3807124 2017 2 
 12-6 700437/3807089 2017 1 
 12-7 700429/3807102 2019 1 
 12-12 700436/3807136 2019 1 
 Section 22 West Arroyo Profile 12 700465/3807117 2019 1 
     
   Cox Ranch South 10-25/Section 2 Arroyo3 702901/3802469 2042 1 
 11-32/11-33/11-34 703174/3803752 2013 2 
 Section 35 Arroyo3 703112/3803646 2013 1 
     
   Cox Ranch East 13-2 705198/3805437 2006 1 
 13-4 704973/3805891 1995 1 
     
   McKinley Tank 10-1 705554/3809647 2012 1 
 10-3/Section 7 Arroyo3 705511/3809687 2011 3 
 10-4 705510/3809672 2012 4 
 10-5/Section 7 Arroyo3 705549/3809680 2011 4 
 Section 7 Arroyo3 705573/3809669 2012 2 
     
   Cerro Pomo 10-43 709009/3802687 2136 2 
 10-44 709111/3802966 2129 1 
 10-45/11-15 709116/3803075 2128 3 
 11-14/10-46 709110/3803184 2125 1 
 11-16 708976/3803529 2120 2 
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 11-17 708927/3803513 2119 4 
    12-10 709005/3803351 2123 5 
     
Valley     
   Largo Gap 10-22 721976/3808898 2044 6 
 10-23/10-24 721918/3808898 2044 2 
 10-28 721351/3810035 2031 1 
     
   Nations Draw 11-12/11-13 714179/3819720 1965 5 
 12-18/ET-64 719226/3822097 2000 2 
 12-19/ET-54 721781/3824056 2013 1 
 ET-14 718660/3821971 1994 10 
 ET-74 718590/3822041 1994 2 
 ET-114 718384/3821981 1994 6 
        
   Old Corn 10-37 690931/3819005 1878 6 
 11-5 690855/3819047 1878 3 
 11-24/ET-134 691784/3819115 1882 6 
 11-38/ET-104 692476/3819061 1885 6 
 12-17 691784/3819118 1882 1 
 ET-84 692948/3819015 1886 1 
 ET-94 692882/3818997 1885 3 
     
   Cienega Amarilla 11-1 682575/3811134  1927 1 
 11-2 682556/3811092  1928 3 
 11-4 682410/3811227  1928 3 
 11-37 682197/3811292  1924 12 
 11-39 681940/3811469  1922 7 
 11-40 682073/3811366  1919 2 
 12-19 681921/3811777  1915 3 
     
   Cottonwood Canyon 11-20 682531/3808332 1958 3 
 11-21 682495/3808375 1957 2 
 11-22 682499/3808398 1959 3 
 11-23 682519/3808376 1957 3 
 11-26 682560/3808478 1952 2 
1 NAD 83, Zone 12N  
2 VanBuskirk (2004) 
3 Huckleberry and Duff (2008) 
4 Onken (2005) 
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Table 3 
Carrizo Wash watershed study areas. 

Area Drainage 
catchment 
(km2) 

Elevation (m) 
 

No. 4C-
dated 
profiles 

No. 14C 
dates 

Max. Min. Mean 
Piedmont       
   Cox Ranch Pueblo 1.4 2092 1980 2047 5 24 
   Cox Ranch West 2.5 2125 2006 2065 11 30 
   Cox Ranch South 8.5 2234 2002 2104 3 4 
   Cox Ranch East 16.8 2246 1992 2115 2 2 
   McKinley Tank 1.2 2114 2000 2048 5 14 
   Cerro Pomo 4.7 2252 2117 2177 7 18 
       
Valley       
   Largo Gap 1717.1 3095 2031 2318 3 9 
   Nations Draw 639.5 2521 1958 2154 6 26 
   Old Corn 3099.1 3095 1882 2218 7 26 
   Cienega Amarilla 1517.0 2858 1904 2259 7 31* 
   Cottonwood Canyon 281.0 2784 1945 2296 5 13* 
* Reported in Appendix B 
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Table 4 
Radiocarbon dates from the Carrizo Wash watershed. See Appendix B for 44 dates from the Cienega Amarilla/Cottonwood Canyon 
area. 
Lab number 
 

Unit Profile Depth (m) Material dated Radiocarbon 
age (14C yr 
BP)a 

δ13C 
(PDB) 

2σ calibrated 
age range 
(cal yr B.P.)b 

Reference 

Cox Ranch Piedmont Areas       

Cerro Pomo  (n=18)        
AA-99200 5-6f /7f 11-16, R-1, F-1 0.5–0.55 Charred Atriplex twig, feature 963 ± 26 -10.4 931–796  
AA-100486 5-6f /7f 12-10, F-1 1.8–1.85 Charred Juniperus twigs w/ scale leaves (2), 

feature 
990 ± 29 -19.6 961–798  

AA-100545 5-6f 12-10, R-1 2.5 Juniperus seed fragments (2), detrital 1649 ± 39 -22.1 1690–1415  
AA-97503 3f /5-6f 11-17, R-6 2.16 Charred Atriplex twig w/ <10 rings, detrital 2015 ± 29 -9.7 2042–1891  
AA-100485 4f 10-43, R-4 2.85 Charred Zea mays cupule, feature 2052 ± 30 -9.3 2115–1934  
AA-93783 4f 10-45, R-3 1.15–1.4 Charred Zea mays kernel fragment, feature 2062 ± 65 -8.7 2300–1876  
AA-99216 4f 10-45, R-2 1.15–1.2 Charred Juniperus fruit?, feature*** 2137 ± 46 -12.5 2307–1996  
AA-97504 4f 10-43, R-3, F-1 1.89–1.99 Charred Juniperus twig w/ ~10 rings, 

feature 
2187 ± 44 -21.0 2330–2063  

AA-99217 5-6f 11-14, R-2 1.05 Charred Juniperus wood fragment, detrital 2276 ± 41** 
 

-21.2 2354–2155  

AA-99215 4f 10-44, R-1 1.8 Charred Juniperus twig w/ < 20 rings, 
detrital 

2238 ± 35 -21.1 2340–2153  

AA-100532 3bf /5-6f 11-16, R-3 2.61 Charred Poaceae stem fragments (12), 
detrital 

2360 ± 71 -16.7 2709–2180  

AA-101214 3bf 11-17 2.6–2.9 Charred Poaceae stem fragments (3), 
detrital 

3120 ± 100 -13.4 3570–3064  

AA-105542 3bf 11-15, R-4 5.25 Charred Pinus wood fragments (2), detrital 3690 ± 19 -21.6 4090–3972  
AA-104625 2f /3bf 12-10, R-3 5.1–5.2 Charred wood fragments (10) incl. Pinus, 

detrital 
3796 ± 34 -20.9 4346–4013  

AA-102037 2f 11-17, R-2 3.15 Charred unkn. plant tissue fragments (17), 
detrital 

4603 ± 67 -13.4 5575–5047  

AA-100901 2f 11-17, R-3 3.8 bd Charred Atriplex wood fragment, detrital 6352 ± 53 -9.6 7417–7174  
AA-102674 1f 12-10, R-7 7.05 Charred Atriplex wood fragments (2), 

detrital 
6776 ± 54 -11.4 7705–7516  

AA-102673 2f 12-10, R-4 5.5–5.6 Charred unkn. wood fragments (3), detrital 49500 ± 
3800* 

-23.6 N/A  

       
Cox Ranch Pueblo  (n=24)       

B-208870 7f 10-21 0 Juniperus pith wood from standing snag 290 ± 40 -21.8 468–155 Huckleberry and Duff (2008) 
B-200346 7f 12-2 2.1 Unidentified plant material, flotsam, detrital 360 ± 40 -21.9 500–315 VanBuskirk (2004); 

Huckleberry and Duff (2008) 
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B-208869 7f 10-21 3.0 Juniperus pith wood from standing snag 570 ± 40 -19.8 652–522 Huckleberry and Duff (2008) 
B-200343 7f 12-2 2.8 Unidentified plant material, flotsam, detrital 570 ± 50 -21.6 654–519 Huckleberry and Duff (2008) 
AA-100549 4f 11-31, R-7 1.8–2.0 Charred Atriplex wood fragment, detrital 2380 ± 87 -11.6 2727–2180  
AA-97407 3bf 11-31, R-6 2.85 Charred Atriplex wood fragment, detrital 2557 ± 51 -11.1 2765–2473  
AA-97405 3bf 11-31, F-2 3.0–3.17 Charred Zea mays cupule, feature 3127 ± 38 -11.2 3445–3237  
AA-102031 3bf 10-19, R-1 1.7–1.8 Charred Atriplex wood fragments (2), 

detrital 
3246 ± 32 -11.1 3560–3397  

AA-100484 3bf 12-2, R-2 4.25 Charred Atriplex stem fragment, detrital 3326 ± 24 -10.9 3633–3456  
B-200344 3bf 12-2 4.5 Charred unidentified organics, feature 3400 ± 40 -11.0 3825–3560 VanBuskirk (2004); 

Huckleberry and Duff (2008) 
AA-99213 3bf 12-2, F-2 5.1 Charred Pinus edulis twig w/ ~10 rings, 

feature 
3420 ± 28 -21.0 3820–3586  

AA-97406 3bf 11-31, F-1 5.9 Charred Atriplex wood fragments (2), 
feature 

3422 ± 75 -10.5 3866–3481  

AA-99214 3bf 12-2, F-4 6.18 Charred Atriplex canescens utricle core, 
feature 

3590 ± 60 -11.1 4083–3716  

AA-100537 3bf? 10-13, R-5 1.23 Charred Juniperus wood fragment, detrital 3676 ± 39 -20.5 4145–3894  
AA-93780 3bf 10-19, R-3 3.08 Charred Pinus edulis twig w/ 1 ring, feature 3695 ± 29 -22.0 3909–3698  
AA-99211 3bf? 11-30, R-2 1.47 Charred Cercocarpus wood fragments (3), 

detrital 
3727 ± 55 -24.5 4240–3913  

AA-104623 3bf 10-13, R-12 2.03–2.04 Charred Atriplex utricle core, unidentified 
stem fragments (4), feature 

3764 ± 52 -10.8 4349–3974  

AA-100548 3bf 10-13, R-4 1.85–1.9 Charred Juniperus wood fragment, detrital 4270 ± 110** -20.9 5279–4522  
AA-102030 2f 10-13, R-1 3.62 Charred Juniperus wood fragment, detrital 5062 ± 29 -20.1 5902–5741  
B-196287 3bf? 10-13 1.1 Decalcified bulk sediment  5190 ± 40* -17.7 6172–5773 VanBuskirk (2004); 

Huckleberry and Duff (2008) 
AA-104624 2f 10-13, G-2 2.7 Succinid shells (2), detrital 5103 ± 49 -1.6 5940–5728  
B-196286 2f 10-13 2.8 Decalcified bulk sediment 6290 ± 40* -16.6 7316–7156 VanBuskirk (2004); 

Huckleberry and Duff (2008) 
AA-99212 3bf? 11-30, R-5 1.98 Charred Juniperus wood fragment, detrital 6830 ± 36** -20.9 7728–7590  
AA-102036 1f? 10-13, R-11 6.1 Charred unkn. organics, detrital 45200 ± 

2200* 
-22.9 N/A  

         
Cox Ranch West (n=30)      
B-183333 5-6f Sect. 22, E. 

Arroyo, Pr. 2 
0.4 Decalcified bulk sediment 770 ± 40 -14.2 765–661 VanBuskirk (2004) 

AA-93786 3bf / 
5-6f 

10-10, F-4 1.3–1.33 Charred Atriplex utricle fragments (5), 
feature 

1077 ± 52 -11.3 1174–915  

AA-99205 5-6f 12-4, F-6 1.59–1.61 Charred Atriplex twig w/ < 5 rings, feature 1822 ± 28 -12.7 1858–1633  
AA-93785 5-6f 10-9 0.95–0.97 Charred Atriplex canescens utricle 

fragments (6), feature 
1869 ± 79 -11.7 1989–1614  

AA-100897 4f 10-9 2.15–2.17 Charred unidentifiable stem fragments (16), 
feature 

2167 ± 62 -16.9 2325–2004  
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AA-100546 4f 10-9  2.15–2.17 Charred unidentifiable twig fragments (2), 
feature 

2216 ± 85 -12.2 2378–1988  

AA-99209 4f 10-9  2.85–2.87 Charred Atriplex canescens utricle 
fragments (3), feature 

2290 ± 28 -10.0 2354–2182  

AA-99243 5-6f 12-7, G-1  Succinid shell, detrital 2312 ± 28** -2.1 2360–2189  
AA-100534 4f / 

5-6f 
12-4, F-5 2.1 

 
Charred Atriplex canescens utricle core 
fragments (4), feature 

2336 ± 38 -11.6 2487–2187  

AA-99242 4f 12-5, G-1, F-7 2.05 Succinid shell, feature 2427 ± 35 -3.4 2700–2352  
AA-99206 4f 12-5, F-7 1.9–2.1 Charred Zea mays kernel, feature 2467 ± 28 -9.7 2715–2380  
AA-100547 3bf / 

4f 
12-12, F-10 1.15–1.25 Charred Zea mays kernel fragment, feature 2559 ± 30 -8.8 2754–2502  

B-188332 3bf Sect. 22, E. 
Arroyo, Pr. 1 

3.77 Charred unidentified stem, feature 2630 ± 40 -15.1 2844–2718 VanBuskirk (2004); 
Huckleberry and Duff (2008) 

AA-93784 3bf 10-11 2.28–2.31 Charred Atriplex canescens utricle 
fragments (3), feature 

3072 ± 66 -11.7 3444–3077  

AA-99210 3bf 10-10, F-6 2.5–2.58 Charred Atriplex wood fragment, feature 3136 ± 28 -10.7 3445–3252  
B-188334 3bf Sect. 22, E. 

Arroyo, Pr. 2 
1.5 Charred unidentified organics, feature 3150 ± 40 -20.2 3454–3250 VanBuskirk (2004); 

Huckleberry and Duff (2008) 
AA-102032 3bf 10-7 1.04–1.06 Charred Juniperus wood fragments (5), 

feature 
3228 ± 31 -20.9 3557–3380  

AA-93781 3bf 10-9 5.13–5.15 Charred Juniperus wood fragment, feature 3235 ± 37 -20.9 3560–3383  
AA-99208 3bf 10-7 1.36 Charred Juniperus twig with scale leaves, 

feature 
3264 ± 63 -19.3 3635–3371  

AA-99204 3bf 12-4, F-2 3.72 Charred Atriplex canescens utricle core 
fragments (2), feature 

3394 ± 58 -10.0 3828–3482  

AA-100477 3bf 10-10, F-1 2.8–2.83 Charred Juniperus wood fragment, feature 3418 ± 56 -20.3 3837–3514  
AA-99241 3bf 10-7, G-1 3.0 Succinid shell, detrital 3765 ± 28 -3.2 4236–3999  
AA-100543 1f 11-35, R-11 5.35–5.4 Charred Atriplex wood fragments (4), 

feature? 
6694 ± 52 -10.7 7660–7476  

AA-102035 1f / 
3bf 

11-35, R-14 5.1 Charred Atriplex fragments, feature? 6826 ± 92 -12.0 7920–7511  

AA-104621 1f 11-35, G-1 5.695 Succinid shell, detrital 6883 ± 88 -0.9 7927–7582  
AA-102663 1f 11-35, R-5 6.23 Charred Juniperus wood fragment, detrital 7850 ± 100 -24.0 8987–8452  
AA-99207 1f 12-6, F-8 4.55–4.65 Charred Fabaceae seed, feature 8138 ± 87 -21.5 9400–8775  
AA-102034 1f 11-35, R-4 6.5–6.6 Charred Pinus wood fragment, detrital 8265 ± 36 -22.8 9405–9126  
B-183331 1f Sect. 22, W. 

Arroyo, Prof. 1 
6.4 Charred unidentified organics, feature? 8690 ± 50 -24.3 9885–9540 VanBuskirk (2004); 

Huckleberry and Duff (2008) 
AA-104628 1f 11-35, R-20 8.95–9.0 Charred flecks of unidentified wood, 

detrital 
9133 ± 46 -22.5 10476–

10212 
 

      
Cox Ranch South (n=4)      
B-208871 7f Sect. 2 arroyo 5.5 Juniperus near-pith wood from standing 

snag 
630 ± 40 -20.7 665–549 Huckleberry and Duff (2008) 
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B-208872 7f Sect. 35 arroyo 1.5 Juniperus near-pith wood from standing 
snag 

660 ± 40 -21.9 677–553 Huckleberry and Duff (2008) 

AA-99225 5-6f 11-33, R-2 2.4 Charred Poaceae stem fragment, detrital 1728 ± 65 -12.3 1822–1445  
AA-97404 1f 11-32, F-1 1.68–1.88 Charred unkn. bark fragment, feature? 8652 ± 52 -24.5 9760–9528  
      
Cox Ranch East (n=2)      
AA-105768 5-6f 13-4, G-1 3.3 Succinid shell, detrital 1969 ± 18 -2.9 1971–1876  
AA-102675 3bf 13-2 6.4–6.6 Charred Pinus wood fragment, detrital 3506 ± 31 -20.9 3865–3695  
       
McKinley Tank (n=14)       
AA-104813 7f 10-5 5.0 Juniperus sapwood from standing snag 

(rings 306–308) 
389 ± 24 -20.5 509–327  

B-208875 7f Sect. 7 arroyo 
  

4.0 Juniperus near-pith wood from standing 
snag 

550 ± 40 -22.8 646–513 Huckleberry and Duff (2008) 

B-208874 7f Sect. 7 arroyo 
 

4.0 Juniperus pith wood from standing snag 590 ± 40 -20.2 655–535 Huckleberry and Duff (2008) 

B-208873 7f Sect. 7 arroyo 
(10-5) 

5.0 Juniperus near-pith wood from root of 
standing snag 

660 ± 40 -20.9 677–553 Huckleberry and Duff (2008) 

AA-104812 7f 10-5 5.0 Juniperus pith wood from standing snag 
(rings 13–14) 

891 ± 18 -17.9 905–738  

AA-102661 5-6f? 10-4,  0.9 Charred Atriplex? (based on δ13C) wood 
fragments (30), detrital 

2090 ± 42 -11.4 2291–1947  

AA-100540 3bf? 10-4 1.8–1.9 Charred Juniperus wood fragments (2), 
detrital 

2968 ± 30 -21.8 3227–3007  

AA-100538 3bf 10-1 3.1 Charred Poaceae stem fragments (4), 
detrital 

3143 ± 31 -12.1 3447–3256  

AA-100475 3bf 10-4, 3.4–
3.42 

Charred Pinus bark scale, detrital 3207 ± 35 -20.7 3551–3361  

B-208868 3bf 10-3, F-B 5.0 Charred Zea mays, feature 3340 ± 50 -23.0 3693–3455 Huckleberry and Duff (2008) 
AA-100539 3bf 10-3 0.13–

0.17 
Charred Atriplex wood fragment, detrital 3345 ± 42 -23.1 3691–3470  

AA-100541 3bf 10-4, F-4 4.01–
4.02 

Charred Juniperus twig fragments (6) w/ <5 
rings, feature 

3428 ± 67 -21.7 3865–3495  

AA-93779 3bf 10-3, F-B 4.4 Charred Pinus edulis cone scale, feature 3506 ± 35 -21.8 3639–3459  
AA-100476 7f 10-5  5.5 Charred Juniperus seed?, detrital  34300 ± 

1100/  
>46,100 * 

-24.3 N/A  

         
Valley Areas       

Largo Gap (n=9)       
AA-100478 7v 11-22, R-1 1.01 Charred Atriplex wood fragment 213 ± 65 -10.7 433–0  
AA-100479 7v 10-23, R-1 2.1 Juniperus pith wood from standing snag 385 ± 25 -23.3 552–336  
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AA-93778 3bv / 
7v 

10-23, R-5 3.25 Charred Atriplex wood fragments (3), 
detrital 

3082 ± 36 -10.2 3378–3185  

AA-93777 3bv 10-28, R-3 5.7 Charred Pinus edulis branch, outer 10 rings, 
redeposited feature fill? 

3115 ± 33 -21.5 3379–3209  

AA-97729 2av / 
3bv 

10-22, R-14 6.93–
6.97 

Charred Juniperus and unkn. wood 
fragments, detrital 

4370 ± 47 -19.4 5257–4841  

AA-102667 2av 10-22, R-21 8.48 Charred unkn. diffuse porous wood 
fragment , detrital 

5420 ± 120 -26.0 6436–5931  

AA-97501 2av 10-22, R-11 9.7 Charred Juniperus wood fragment, detrital 5663 ± 36 -21.2 6536–6323  
AA-104622 2av 10-22, G-1 7.56 Succinid shell, detrital 5669 ± 50 -2.3 6602–6316  
AA-97728 2av 10-22, R-13 9.95 Charred unkn. wood fragments (2), detrital 5801 ± 30 -23.9 6670–6504  
         
Nations Draw (n=26)      
B-181330 6v? ET-7, RS-6 1.35 Charred Atriplex wood, detrital 1060 ± 40 -12.7 1059–922 Onken (2005) 
AA-99246 6v? ET-7, G-12-1 4.15 Succinid shell, detrital 2430 ± 37** -6.3 2701–2353  
AA-102665 3bv ET-1, R-2 0.86 Charred Juniperus wood fragment, detrital 3571 ± 33 -19.9 3974–3728  
B-181327 3bv ET-11, RS-8 0.94 Charred Pinus wood, detrital 3620 ± 40 -20.4 4081–3835 Onken (2005) 
AA-100900 3av ET-11, RS-12-8 2.45 Charred Chrysothamnus wood fragment, 

feature? 
3841 ± 31 -24.7 4406–4151  

AA-99245 3av ET-11, G-12-1 1.5 Succinid shells (2), detrital 3919 ± 29 -4.0 4427–4248  
B-176301 3av ET-5 1.75 Charred Atriplex wood, detrital 3930 ± 40 -10.0 4514–4243 Onken (2005) 
B-181326 3av ET-11, RS-6 1.5 Charred Juniperus wood, detrital 4060 ± 40 -20.3 4802–4425 Onken (2005) 
AA-99224 3av / 

3bv 
11-12, R-2 1.53 Charred plant material, detrital 4110 ± 36 -21.0 4820–4454  

AA-95628 3av 11-13, R-2 3.83 Charred Juniperus wood fragment, detrital 4422 ± 36** -19.3 5276–4869  
B-181376 2bv ET-1, RS-6 2.01 Charred Juniperus wood, detrital 4430 ± 40 -21.7 5280–4871 Onken (2005) 
AA-102669 2bv ET-11, RS-12-7 2.55 Charred unkn. degraded wood fragment, 

detrital 
4452 ± 77 -23.9 5299–4872  

AA-99218 2bv ET-1 2.15 Charred Pinus edulis 2–3 cm dia. branch, 
detrital 

4517 ± 31 -23.0 5305–5049  

AA-102666 2bv ET-1, R-9 2.5 Charred Atriplex wood fragment, detrital 4539 ± 33 -25.7 5314–5052  
B-176299 2bv ET-1, RS-1 5.0–

5.05 
Charred Juniperus wood, detrital 4570 ± 40 -22.9 5445–5052 Onken (2005) 

AA-100533 2av ET-11, RS-12-3 4.3–4.4 Charred unkn. wood fragments, detrital 4583 ± 77 -26.1 5574–4978  
AA-100487 2av ET-1, R-16 5.2 Charred Pinus edulis wood fragment, 

detrital 
4651 ± 43 -21.9 5574–5302  

B-176300 2bv ET-1, RS-5 2.46 Charred Pinus wood, detrital 4710 ± 50** -21.6 5584–5320 Onken (2005) 
AA-102043 2av ET-1, R-25 7.55 Charred Juniperus wood fragments (2), 

detrital 
4794 ± 35 -23.2 5600–5468  

AA-102670 2av 11-12, R-7 2.7 Charred Juniperus wood fragment, detrital 4855 ± 93 -19.7 5880–5324  
AA-102668 2bv ET-1, R-15 4.95–

5.05 
Charred Pinus edulis cone scale umbo?, 
detrital 

4893 ± 37** -24.0 5715–5585  

AA-102695 2av 11-12, R-5 4.0 Charred Juniperus wood fragment, 5122 ± 60 -12.3 5993–5725  
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detrital*** 
AA-100896 2av 12-18/ET-6, G-1 3.04 Succinid shell, detrital 5219 ± 32 -9.4 6172–5911  
AA-100895 2av 11-12, G-1 3.6 Succinid shell, detrital 6110 ± 33 -2.4 7156–6892  
B-176302 2av ET-6, RS-4 6.73 Charred unkn. material, detrital 6120 ± 40 -23.2 7158–6902 Onken (2005) 
AA-102042 2av ET-1, R-23 6.85-

6.9 
Charred? unkn. organic, plant? fragments 
(3), detrital 

>16,122 * -33.3 N/A  

         
Old Corn (n=27)       
         
B-181329 7v ET-9 0.97 Charred Juniperus wood fragment, detrital 320 ± 30 -20.6 468–305 Onken (2005) 
AA-97726 6v ET-9 1.3 Charred Atriplex twig fragments w/ 2 rings 

(2), detrital 
905 ± 41 -25.6 920–736  

AA-102671 6v 12-17, R-3 1.25–
1.3 

Charred Atriplex wood fragment, detrital 930 ± 28 -11.1 922–788  

AA-97502 6v 11-5, R-5 1.08–
1.1 

Charred Atriplex utricle core fragments (8), 
feature? 

966 ± 27 -11.0 933–796  

AA-99199 6v 11-5, R-4 0.87 Charred Angiosperm twig w/ <5 rings, 
feature? 

991 ± 27 -9.8 961–799  

AA-93789 6v ET-13, F-1 1.05–
1.11 

Charred Solanaceae seed, Sphaeralcea 
seeds (7), unkn. seed, feature 

1039 ± 77 -24.0 1174–787  

AA-99221 6v ET-13, F-1 1.05–
1.11 

Charred Monocotyledon stem fragments 
(3), feature 

1048 ± 79 -13.4 1174–792  

AA-99222 6v ET-13, F-2 1.45–
1.5 

Charred Juniperus twig w/ <10 rings, 
feature 

1103 ± 30 -22.3 1065–937  

AA-97611 6v 11-24, F-3 1.43 Charred Juniperus wood fragment, feature 1182 ± 37 -21.2 1230–983  
B-182097 6v ET-9 1.25 Charred Juniperus wood fragment, detrital 1210 ± 40 -21.3 1263–1010 Onken (2005) 
AA-97727 5v 10-37, R-6 2.63 Charred Atriplex wood, detrital 1268 ± 48 -12.0 1289–1074  
AA-100489 5v 10-37, R-11 2.1 Charred unkn. plant matter fragments (19), 

detrital 
1387 ± 63 -12.0 1407–1181  

AA-93788 6v 11-24, F-3 1.5 Charred Atriplex utricle; Pinus edulis 
needle fragments (3); unkn. fruit, feature 

1470 ± 140** -20.1 1698–1076  

AA-100488 5v 10-37, R-9 2.8 Charred Juniperus wood fragment, detrital 1500 ± 33 -19.9 1519–1310  
AA-99223 5v 10-37, R-6 2.63 Charred Atriplex wood fragment, detrital 1580 ± 31 -10.8 1543–1402  
AA-97725 7v / 

3av 
ET-9, RS-7 2.9 Charred Juniperus wood fragment, detrital 1621 ± 21 -21.7 1565–1415  

AA-99203 5v 11-5, R-3 2.0–2.1 Charred Juniperus wood fragment, detrital 2062 ± 28 -20.3 2116–1949  
B-181328 6v ET-13, F-2 1.45–

1.5 
Charred Atriplex wood, feature 2460 ± 50** -21.0 2712–2363 Onken (2005) 

AA-100550 3av 11-38, R-32 2.4–
2.45 

Charred Poaceae stem fragment, detrital 3825 ± 76 -14.3 4424–3987 
 

 

AA-100544 3av / 
3bv? 

11-38, R-16 1.72–
1.74 

Charred Juniperus wood fragments (4), 
feature 

3912 ± 33 -20.4 4425–4242  

AA-99244 3av 11-38, G-1 3.86 Succinid shell, detrital 3923 ± 29 -1.1 4435–4248  
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AA-102664 2av / 
3av 

11-38, R-12 3.95 Charred Atriplex wood fragment, detrital 4030 ± 67 -12.7 4815–4298  

AA-97645 3av ET-8, RS-1 4.53 Charred Juniperus wood fragment, detrital 4205 ± 38 -20.5 4850–4618  

AA-102040 2av 11-38, R-34 5.45–
5.55 

Charred Poaceae stem fragments (3), 
detrital 

5198 ± 66 -12.0 6182–5755  

AA-93787 ? 10-37, R-1 3.4 Charred Atriplex wood fragments (6), 
detrital 

6333 ± 37 -11.3 7412–7167  

AA-102041 1v 11-38, R-37 7.25–
7.3 

Charred unkn. Dicot. wood fragments (2), 
unkn. wood fragments (14), detrital 

7850 ± 120 -24.5 8996–8427  

AA-100536 2av / 
3av 

11-38, R-22 3.93 Charred unkn. plant tissue fragment, detrital Too small to date   

a Radiocarbon ages are corrected for carbon-isotope fractionation and standard deviations are given at one sigma. 
b INTCAL2013 (Reimer et al., 2013). 
c Rejected age that is anomalously old for context (old wood or redeposited). 
* indicates rejected date (coal or sediment contaminated by coal). 
**indicates date inferred to be redeposited from older context or derived from old wood. 
***indicates paleobotanical identification inconsistent with δ13C value. 
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Table 5  
Field property and laboratory data for selected profiles in Carrizo Wash study area. 
Strat. 
unit  

Horizona Depth (cm) Munsell color 
(dry) 

Textureb Sand 
(%)c 

Silt 
(%)c 

Clay 
(%)c 

Structured Clay 
filmse 

CaCO3 stage 
and reactionf 

Notes 

11-31/12-2 (Cox Ranch Pueblo piedmont area)     
7f C 0–100 10YR 6/4 fsl 65 18 17 m - n Medium horizontal bedding 
5–6f 2Bwjb1 100–107 10YR 5.5/4 scl - - - 1 sbk - n - 
 2BCb1 107–115 10YR 6/3 fsl 60 28 12 m–1 sbk - n - 
 2Btjb1 115–138 10YR 5.5/4 scl 56 23 21 2 pri–sbk 1 f pf n - 
 3Cb1 138–180 10YR 6/4 fsl 72 14 14 m - e - 
4f 4ABwkb2 180–220 10YR 6/2.5 cl 37 26 37 2 abk - I+; e - 
 5Cb2 220–270 10YR 6/4 fsl 66 19 15 m - n - 
3bf 6ABwkb3 270–285 10YR 6/2.5 scl 49 18 33 2 weg–abk - I+; e - 
 6CBb3 285–290 10YR 6/2.5 scl 65 12 23 1 abk - e - 
 6ABsskb3 290–310 10YR 6/2.5 cl 36 34 30 2 weg–abk - I+; e - 
 6Ckjb3 310–369 10YR 6/3.5 scl 53 17 30 m - I; e With pebble lenses 
 7ABk1b4 369–379 10YR 6/2.5 cl 26 47 27 1 abk–weg - I+; e - 
 7BCb4 379–388 10YR 6/2.5 l 47 29 24 1 sbk–m - e - 
 7ABk2b4 388–397 10YR 6/2.5 l–cl 28 46 26 1 abk–weg - I+; e - 
 8Cb4 397–500 10YR 6/4 sl 73 14 13 m - n Fining upwards, with discontinuous mud lenses 
 9ABwkjb5 500–535 10YR 6/2.5 c - - - 1–2 pri–abk - I; e - 
 10C1b5 535–545 10YR 6/4 fsl 71 12 17 m - n - 
 11C2b5 545–555 10YR 7/4 sil 10 65 25 m - es - 
 11C3b5 555–567 10YR 7/3.5 c 37 5 58 m - e - 
 12C4b5 567–610 10YR 6/3 cl 24 38 38 m  - e - 
 12C5b5 610–680 10YR 6/4 scl 48 25 27 m - e Gravelly at base, fining upwards 
 13ABb6 680–710 10YR 6/4 cl 37 28 35 2 abk - e - 
 14Cb6 690–900 10YR 6/4 cos–fsl - - - m - n Gravelly at base, fining upwards, with pebble lenses 
BR R 900+ - - - - - - - - Sandstone bedrock 
            
11-38/ET-10 (Old Corn valley area)    
7v 1C 0–10 10YR 6/4 fs - - - sg - e - 
6v 2ACb1 10–45 10YR 6/2.5 sic - - - 1 abk - e Locally laminated 
 3Cb1 45–77 10YR 6/4 s - - - m - e - 
3bv? 4ABwssb2 77–122 10YR 6/2.5 c - - - 2 abk - e - 
 5Cb2 122–173 10YR 6/4 s - - - m - e Thin–medium horiz. bedding; ripple cross-laminated 
3bv 6ABwjkjb3 173–183 10YR 6/2.5 sicl - - - 1 abk - I; es - 
 6CAkjb3 183–312 10YR 6/2.5 sicl - - - m - I; es Thin–medium horizontal bedding 
 7C1b3 312–351 10YR 6/4 fsl - - - m - es Laminated and ripple cross-laminated 
 8C2b3 351–388 10YR 7/4 l - - - m - es Thin horizontal bedding 
2av 9Bwkb4 388–448 5YR 5/3 sicl - - - 2 abk - I+; es - 
 10C1kjb4 448–525 10YR 6/3 cl - - - m - I; es - 
 10C2kjb4 525–635 10YR 6/3 cl - - - m - I; es - 
 10C3b4 635–645 10YR 6/4 scl - - - m - es - 
1v 11ABsskb5 645–675 10YR 6/2.5 sic - - - 2 abk–weg - I+; es - 
 11ABsskjb5 675–730+ 10YR 6/2 sic - - - 2 abk–weg - I; e - 
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a  Notations from Soil Survey Staff (1998) and Birkeland (1999:Table 1.1). 
b  c = clay; sic = silty clay; cl = clay loam; sicl = silty clay loam, sil = silt loam; scl = sandy clay loam; l = loam; sl = sandy loam; fsl = fine sandy loam; vfsl = 

very fine sandy loam; ls = loamy sand; lcos = loamy coarse sand; fs = fine sand; cos = coarse sand; glcs = gravelly loamy coarse sand. 
c  Sand, silt, and clay percentages measured using the pipette method. 
d  Grade: 1 = weak, 2 = moderate, 3 = strong. Size: f = fine, m = medium, c = coarse, vc = very coarse. Shape: abk = angular blocky, g = granular, m = massive, 

pl = platy, sg = single grain, weg = wedge. 
e  Amount: 1 = few, 2 = common. Distinctiveness: f = faint, d = distinct. Location: pf = ped face. 
f  Stage: see Birkeland (1999:356–358). Reaction to dilute HCl: n = noneffervescent, e = weakly effervescent, es = strongly effervescent, ev = violently 

effervescent. 
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Figure	  captions	  

Figure 1. Location of Carrizo Wash watershed. Study areas are delineated with red 
polygons (CA=Cienega Amarilla and Cottonwood Canyon; OC=Old Corn; 
CRP=Cox Ranch piedmont; ND=Nations Draw; LG=Largo Gap). Lower left inset 
shows detail of Cox Ranch piedmont sub-areas (CRP=Cox Ranch Pueblo; 
CRW=Cox Ranch West; CRE=Cox Ranch East; CRS=Cox Ranch South; 
CP=Cerro Pomo; MT=McKinley Tank). Small yellow circles indicate dated 
profiles. 

 
Figure 2.  Topography and vegetation of typical valley (a) and piedmont (b) areas in the 

Carrizo Wash watershed. The Old Corn valley area is shown facing southwest 
from the Old Corn site (a), and the McKinley Tank piedmont area is shown facing 
west with Cheap John Lake visible in the background. Arroyos are visible in both 
areas. 

 
Figure 3.  Geochronology of piedmont and valley areas of Carrizo Wash watershed. 

Radiocarbon dates were calibrated and sequence-modeled using Oxcal and are 
plotted with one-sigma error bars. Dates from Cienega Amarilla and Cottonwood 
Canyon valley areas are presented separately in Appendix B.  

 
Figure 4.  Schematic profiles summarizing stratigraphy and 14C ages associated with Cox 

Ranch piedmont. 
 
Figure 5.  Stratigraphy of Cox Ranch Pueblo piedmont exposures at proximal fan profile 11-

31/12-2 showing thick late Holocene alluvium and (b) distal fan profile 10-13 
showing rare piedmont exposure with middle Holocene alluvium. Circles indicate 
detrital organic matter, flattened triangles indicate organic matter from 
archaeological features, squares indicate bulk soil samples, and snail symbols 
indicate Succinids. Different types of text differentiate radiocarbon ages on 
potentially long-lived organic matter such as wood (plain), annual species or parts 
(bold plain), and short-lived species such as shrubs (bold italics). Soil dates 
appear anomalously old, probably because of detrital coal contamination. A 
Pueblo II period stone structure wall is preserved on the surface of unit 5-6f on the 
opposite arroyo bank. 

 
Figure 6.  Schematic profiles summarizing stratigraphy and 14C ages associated with valley 

floor areas. 
 
Figure 7.  Stratigraphy of valley exposures at (a) Nations Draw profile 11-12/11-13 and (b) 

Old Corn profile 11-38/ET-10 showing thick accumulations of middle Holocene 
alluvium and ~4.9 ka paleochannel. Circles indicate detrital organic matter, 
flattened triangles indicate organic matter from archaeological features, and snail 
symbols indicate Succinids. Different types of text differentiate radiocarbon ages 
on potentially long-lived organic matter such as wood (plain), annual species or 
parts (bold plain), and short-lived species such as shrubs (bold italics). 
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Figure 8.  Stratigraphy of piedmont exposure at Cox Ranch South profile 11-32/-33 showing 
thick early Holocene (stratum 1f) alluvium and 2nd century arroyo paleochannel 
(5-6f). Boldface radiocarbon date indicates annual species and italicized date 
indicates short-lived (i.e., bark) material. It is ambiguous whether the early 
Holocene radiocarbon date in the upper part of unit 1f represents an 
archaeological feature or a root burn. 

 
Figure 9.  Alluvial history of Carrizo Wash valley and piedmont areas. Labels for 

geographically restricted events are contained by parens. 
 
Figure 10. Comparison of Carrizo Wash alluvial history (d) to paleoclimatic proxies 

including (a) Gulf of Mexico North American monsoon record (adapted from 
Poore et al., 2005), (b) Junco Lake (Galapagos Islands) ENSO record (adapted 
from Conroy et al., 2008), and (c) CPDF change dates record of large floods in 
the southwestern U.S. (adapted from Harden et al., 2010). 

Figure 11. Schematic block diagrams illustrating geomorphic responses to climatic 
conditions during (a) the middle Holocene from ~8–5 ka, (b) the late Holocene 
from ~5–2.7 ka, (c) the latest Holocene after 2.7 ka, and (d) arroyo-cutting 
episodes. 
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Figure 1.  Location of Carrizo Wash watershed. Study areas are delineated with red polygons (CA=Cienega Amarilla and Cottonwood 

Canyon; OC=Old Corn; CRP=Cox Ranch piedmont; ND=Nations Draw; LG=Largo Gap). Lower left inset shows detail of 
Cox Ranch piedmont sub-areas (CRP=Cox Ranch Pueblo; CRW=Cox Ranch West; CRE=Cox Ranch East; CRS=Cox 
Ranch South; CP=Cerro Pomo; MT=McKinley Tank). Small yellow circles indicate dated profiles. 
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                a 

 
    b 

Figure 2.  Topography and vegetation of typical valley (a) and piedmont (b) areas in the 
Carrizo Wash watershed. The Old Corn valley area is shown facing southwest 
from the Old Corn site (a), and the McKinley Tank piedmont area is shown facing 
west with Cheap John Lake visible in the background. Arroyos are visible in both 
areas. 
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Figure 3.  Geochronology of piedmont and valley areas of Carrizo Wash watershed. 

Radiocarbon dates were calibrated and sequence-modeled using Oxcal and are 
plotted with one-sigma error bars. Dates from Cienega Amarilla and Cottonwood 
Canyon valley areas are presented separately in Appendix B. 
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Figure 4.  Schematic profiles summarizing stratigraphy and 14C ages associated with Cox Ranch piedmont. 
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a          b 
Figure 5.  Stratigraphy of Cox Ranch Pueblo piedmont exposures at proximal fan profile 11-31/12-2 showing thick late Holocene 

alluvium and (b) distal fan profile 10-13 showing rare piedmont exposure with middle Holocene alluvium. Circles indicate 
detrital organic matter, flattened triangles indicate organic matter from archaeological features, squares indicate bulk soil 
samples, and snail symbols indicate Succinids. Different types of text differentiate radiocarbon ages on potentially long-
lived organic matter such as wood (plain), annual species or parts (bold plain), and short-lived species such as shrubs (bold 
italics). Soil dates appear anomalously old, probably because of detrital coal contamination. A Pueblo II period stone 
structure wall is preserved on the surface of unit 5-6f on the opposite arroyo bank. 
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Figure 6.  Schematic profiles summarizing stratigraphy and 14C ages associated with valley floor areas. 
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 a 

 
             b 
Figure 7.  Stratigraphy of valley exposures at (a) Nations Draw profile 11-12/11-13 and (b) 

Old Corn profile 11-38/ET-10 showing thick accumulations of middle Holocene 
alluvium and ~4.9 ka paleochannel. Circles indicate detrital organic matter, 
flattened triangles indicate organic matter from archaeological features, and snail 
symbols indicate Succinids. Different types of text differentiate radiocarbon ages 
on potentially long-lived organic matter such as wood (plain), annual species or 
parts (bold plain), and short-lived species such as shrubs (bold italics).  
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Figure 8.  Stratigraphy of piedmont exposure at Cox Ranch South profile 11-32/-33 showing 

thick early Holocene (stratum 1f) alluvium and 2nd century arroyo paleochannel 
(5-6f). Boldface radiocarbon date indicates annual species and italicized date 
indicates short-lived (i.e., bark) material. It is ambiguous whether the early 
Holocene radiocarbon date in the upper part of unit 1f represents an 
archaeological feature or a root burn. 
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Figure 9.  Alluvial history of Carrizo Wash valley and piedmont areas. Labels for geographically restricted events are contained by 

parens. 
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Figure 10.  Comparison of Carrizo Wash alluvial history (d) to paleoclimatic proxies 

including (a) Gulf of Mexico North American monsoon record (adapted from 
Poore et al., 2005), (b) Junco Lake (Galapagos Islands) ENSO record (adapted 
from Conroy et al., 2008), and (c) CPDF change dates record of large floods in 
the southwestern U.S. (adapted from Harden et al., 2010). 

  



 

 251 

  



 

 252 

 
Figure 11.  Schematic block diagrams illustrating geomorphic responses to climatic conditions during (a) the middle Holocene from 

~8–5 ka, (b) the late Holocene from ~5–2.7 ka, (c) the latest Holocene after 2.7 ka, and (d) arroyo-cutting episodes. 
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