
1. Introduction
Understanding how a landscape undergoes geomorphic change in response to abrupt environmental perturbation 
is vital to predicting effects of anthropogenic climate change and requires knowledge of the local climatologic, 
geologic, and ecologic factors affecting weathering and erosion. While generating these holistic perspectives is 
straightforward using modern instrumentation, landscape responses are often complex with lag times exceed-
ing our observational range. For example, measurable geomorphic effects such as decreased slope stability and 
higher catchment sediment yields that are expected to result from anthropogenically enhanced droughts, extreme 
precipitation events, overgrazing, more intense and widespread wildfires, and forest ecosystem changeover have 
yet to be detected by observations spanning the last ∼50 years in many locations across western North America 
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(East & Sankey, 2020). Therefore, more accurate forecasting requires analysis of paleo-archives that can support 
interdisciplinary study of land surface processes at the critical zone system level over long timescales, that is, 
centuries to tens of millennia (Ashley, 2020).

This study seeks to understand the bedrock weathering and erosional consequences of climatic and related 
ecological changes in the high deserts, woodlands, and forests of southwestern North America (SWNA) with 
specific interest in episodes of abrupt warming and aridification relevant to today. To do this, we examine a lake 
sediment core record from Stoneman Lake (STL), Arizona (AZ), USA (2,050 m elevation; 34.78 N, 111.52 W), 
a small (0.63 km 2), closed-basin, montane lake that shares characteristics with the rest of the southern Colorado 
Plateau including a semi-arid climate, significant topographic relief, dominant southern to western aspects, and 
volcanic bedrock (Figure 1). The lake is situated within the lower elevational domain of the Sierran montane coni-
fer forest, predominately Pinus ponderosa (ponderosa pine) with Cupressus arizonica (Arizona cypress), Quer-
cus gambelii (Gambel's oak), Juniperus monosperma (one-seed juniper), and Juglans major (Arizona walnut) 
(Hasbargen, 1994). This particular stand of ponderosa pine covers 5.1 million acres along the Mogollon Rim from 
north-central Arizona to western New Mexico (Brown, 1982; Hanks et al., 1983) and is an important resource, 
having multiple uses from lumber, rangeland, and recreation to endangered species habitat and Native American 
practices (USDA Forest Service, 2022, https://www.fs.usda.gov/coconino). Downslope of the catchment area at 
approximately 2,050 m elevation is the upper limit of the pygmy conifer forest (Figure 1b) consisting of Pinus 
edulis (Colorado piñon) and several junipers (Juniperus monosperma, J. deppeana, J. osteosperma) intermixed 
with drought-tolerant shrubs (Brown, 1982). As current climate changes continue, these piñon-juniper woodlands 
are expected to migrate up elevation and displace portions of the ponderosa forest (Bradford et al., 2020). Under-
standing how past climate changes have affected this landscape is critical for resource management planning 
(Bradford et al., 2018) both on the Mogollon Rim and across the rest of the high plateaus of Arizona and New 
Mexico, where piñon-juniper woodlands and adjacent higher-elevation ponderosa pine forests occupy ∼22.2 and 
∼8 million acres, respectively (Brown, 1982; Mitchell & Roberts, 1999; Pearson, 1950).

Today, mean annual temperature and precipitation (MAT and MAP) in the STL area are 7.8–10°C and 
600–700 mm, respectively (Western Regional Climate Center, 2022, https://www.wrcc.dri.edu/cgi-bin/cliMAIN.
pl?az3828; PRISM Climate Group,  2022, https://prism.oregonstate.edu/normals/). Cold-season (DJFM) and 
warm-season (JAS) precipitation accounts for around 50% and 35% of total annual precipitation, respectively, 
reflecting the influence of winter frontal and monsoonal precipitation (Hereford,  2007). Groundwater inputs 
into the lake are contingent upon recharge occurring nearby from precipitation during recent cold seasons 
(Blasch et al., 2006). Previous work on the lake catchment's paleo-hydrology and ecology shows lake level and 
local forest species composition are sensitive to global glacial-interglacial climate changes (Staley et al., 2022; 
Jiménez-Moreno et al., 2023). Palynology and microscopic charcoal counts of lake sediment core STL14 span 
multiple glacial-interglacial cycles of the Quaternary Period and show that local forest ecosystems migrate upslope 
and experience greater wildfire activity during warm-and-dry interglacials compared to cool-and-wet glacials 
(Jiménez-Moreno et al., 2023). Forest migrations have resulted in local occupations by piñon-juniper woodlands, 
montane pine forests, and subalpine forest communities. These changes likely affected sediment transport in the 
STL basin by influencing runoff and soil cohesion (Burns & Honkala, 1990; Davenport et al., 1998; Gyssels 
et al., 2005; MacDonald & Huffman, 2004; Pregitzer et al., 2002; Rasmussen et al., 2017; Viles, 1990).

STL and its catchment are well-characterized and have ideal characteristics for studying weathering and trans-
port of sediments in relation to Quaternary Period climatic and ecological changes. Local bedrock is litholog-
ically simple, comprised entirely of mid-Miocene to late Pliocene-aged alkaline olivine basalt of the Mormon 
Mountain Volcanic Field, a 3,500 km 2 province extending south of Flagstaff, AZ (Gust & Arculus, 1986; Holm 
et al., 1989). Sediment transport in the basin is clearly dominated by alluvial and colluvial processes. The basin 
is circular and bowl-shaped; a grass and shrub-covered apron of colluvial sediments surrounds the lake, which is 
encircled by steep, often cliffy, ponderosa pine-forested slopes with >40 m of local relief (Figure 1b). The rest of 
the catchment area drains the steep southwestern slopes of the Lake Mountain volcano (Figure 1c) and 66% of the 
drainage is south and west facing (from 158 to 293° azimuth) (Figure 1d). This simple basin geometry restricts 
spatial variability of deposition into the lake, further reducing the complexity of clastic inputs preserved in lake 
sediments. Furthermore, the catchment's size (3.5 km 2) and steepness (average: ∼12.6°; 50% of the area ≥10° 
(Figure 1e)) promote a high degree of sedimentary connectivity between the lake and surrounding hillslopes. This 
increases the likelihood that indicators of erosion in the lake sediments reflect the catchment's primary response 
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to perturbation. Finally, the weathering products of the local basalt are easily differentiated from felsic eolian 
sediments, facilitating the identification, tracing, and quantification of each sediment type.

In this study, we first employ microscopic, mineralogical, and geochemical analyses of local bedrock and 
colluvium to investigate processes of bedrock weathering, sediment production, and erosion occurring in the 
modern catchment. Next, using X-ray fluorescence (XRF) scanning of core STL14, we measure elemental tita-
nium counts—an indicator of the concentration of the conservative and locally-sourced ilmenite (FeTiO3)—to 
trace  catchment erosion rates over the last 250 kyr. The length of the core record is significant. Few regional 
paleorecords extend beyond the Last Glacial, which began around 75 ka at the Marine Isotope Stage (MIS) 5 to 
4 transition, and therefore fail to capture the effects of the penultimate deglaciation at the MIS 6 to 5 transition 
and subsequent interglacial conditions of MIS 5. We then correlate catchment erosion (Ti counts) to changes in 
climate, vegetation, and fire activity through time. Also, because eolian dust is readily identifiable and comprises 
a significant portion of sediment within the lake catchment, we can simultaneously characterize its introduction 
to this landscape. Finally, we explore how connections between climate, biology, and erosion inform predictions 
for modern subalpine to montane pine forests, threatened today by anthropogenic changes like increased tree 
mortality, forest fire, and displacement by drought-adapted plant communities.

2. Materials and Methods
In this study, we characterize bedrock, colluvium, and lake sediments from the STL catchment using quan-
titative X-ray diffraction (qXRD), scanning electron microscopy (SEM), and quantitative and core scanning 

Figure 1. Setting and morphology of the Stoneman Lake (STL) catchment. (a) STL's location (star) on the Mogollon Rim, 
the southwestern escarpment of the Colorado Plateau. (b) Aerial image of the STL catchment (black outline). The ponderosa 
(P)-piñon-juniper (P–J) ecotone is at the southwest corner of the image (dashed white line). Topographic characteristics of the 
catchment including 5-m topographic contours (c), aspect (d), and slope (e). The locations of colluvium samples are noted by 
black dots in (c). Lake Mountain is in the northeast corner of the catchment.
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XRF geochemistry. Mineralogy and geochemistry of the modern catchment inform interpretations of sedi-
mentary processes in lacustrine core data. Combined with previously published stratigraphies of paleoclimate 
and paleoecology, these data demonstrate how climate, vegetation, and forest fire activity affect sedimentary 
processes in this basin.

2.1. Core Retrieval, Age Model, and Earlier Work

Two sediment cores were retrieved from the STL depocenter in October 2014 using a truck-mounted percussion 
coring apparatus. Their composite, core STL14, contains a continuous ∼80-m archive of the last ∼1.3 Ma. A 
complete account of the cores' retrieval, initial description, composite scale construction, lithofacies analysis, and 
initial age model can be found in Staley et al. (2022). The age model includes 10 radiocarbon analyses spanning 
the late Pleistocene and Holocene, tephrochronology, and a well-justified correlation of abrupt deep-to-shallow 
facies transitions to glacial terminations. Here, we introduce further age control by correlating STL14 stratigra-
phy with an overlapping core containing seven additional Holocene-aged radiocarbon dates (Hasbargen, 1994) 
and perform Bayesian age modeling to assess uncertainty (Blaauw & Christen, 2012) (Figures S1 and S2, Table 
S1 in Supporting Information S1). Sedimentary facies and palynology demonstrate the sensitivity of the lake 
and surrounding ecosystems to climate changes at glacial to millennial timescales (Jiménez-Moreno et al., 2023; 
Staley et al., 2022). In general, glacial periods are colder and wetter. This is shown by sedimentary facies consist-
ent with a deeper lake combined with an increase in pollen from subalpine and montane conifer taxa like Abies 
concolor and A. lasiocarpa (white and subalpine fir), Pseudotsuga menziesii (Douglas fir), and Picea engleman-
nii (Englemann spruce) that currently grow predominantly at elevations ∼1,000 m above the catchment. Inter-
glacials are warmer and drier overall, indicated by an increase in pollen from montane pines (species comprising 
the montane pine group could include ponderosa pine, Pinus strobiformis (southwestern white pine), P. flexilis 
(limber pine), and perhaps even P. contorta (lodgepole pine); macrofossil analysis is required to differentiate them 
further) and thermophilous tree taxa (piñon, juniper, and oak) and sedimentary facies consistent with a shallower 
lake. Paleoclimatic interpretations agree with those from other local and nearby records (Anderson et al., 2000; 
Hasbargen, 1994; Hereford & Amoroso, 2020).

2.2. Sampling

This study examines the upper ∼13 m of core STL14, which contains clastic-dominated lacustrine and palus-
trine sediments of the last ∼250  kyr. Lake sediment samples (n  =  28) were obtained for qXRD analysis at 
∼50-cm-resolution referenced to the depth scale measured in meters composite below the lake floor (mcblf). This 
data set has the coarsest stratigraphic resolution of this study, corresponding to an 8-kyr median sample resolution 
(Holocene: 2.6-kyr; Last Glacial: 7-kyr; MIS 5: 8.4-kyr; MIS 6: 15.8-kyr; MIS 7: 14.8-kyr). Seven basalt cobbles 
were gathered from the ground surface near their outcrop source with at least one sample from each of the five 
most aerially extensive units found in the catchment (Figure S3a in Supporting Information S1). The unweathered 
interior of cobble samples defines the local bedrock parent material; bedrock mineralogy is nearly homogenous 
catchment-wide (Dohm, 1995, Text S2 in Supporting Information S1). Three samples of the fine-grained frac-
tion of colluvium were gathered from ∼10 to 20 cm depth at +252, +207, and +8 m relative to the modern lake 
floor (Figure 1c) to observe downslope changes in sediment composition. Images of sample pit profiles can be 
found in Figure S3c in Supporting Information S1. These samples are representative of the two main colluvial 
soil environments present within the catchment: (a) hillslopes with Typic-to-Lithic Argiustolls in the Sponseller, 
Cabezon, and Brolliar series that grade into (b) the alluvial/colluvial apron around the lake with Vertic Argius-
tolls in the Friana series (Williams & Anderson, 1967). Samples were sieved into their fine fractions (<150 μm) 
to better isolate signals of chemical weathering, pedogenesis, and dust accumulation.

2.3. Analyses

2.3.1. qXRD

Mineralogical analysis of local bedrock (n = 1), colluvium (n = 3), and lake sediments (n = 28) was performed 
on a Rigaku SmartLab at the University of New Mexico's X-Ray Diffraction Laboratory. Quantitative analysis 
was conducted on the diffractograms using whole pattern fitting with Rietveld refinement (Post & Bish, 1989; 
Rietveld, 1969). Information about the sample preparation, refinement procedures, and diffractograms can be 
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found in Text S3 and Figure S4 in Supporting Information  S1 and Data 
Set S1).

2.3.2. Geochemistry

Quantitative elemental analysis of each bedrock (n = 7) and colluvial (n = 3) 
sample was carried out on a Rigaku Primus VI XRF machine at the Univer-
sity of New Mexico's Analytical Geochemistry Laboratory. Elemental 
analy sis of core sediments took place at the University of Minnesota Duluth 
using an ITRAX XRF core scanner operated by the Continental Scientific 
Drilling Facility's XRF Laboratory. Core scanning results are not purely 
quantitative but they can be compared to quantitative data sets using element 
ratios. Although a wide range of elements are reported, we focus on Al, Si, 
K, Ca, Ti, Fe, Rb, Sr, and Zr, all of which are reliably detected and measured 
using the core scanning technique. Conservative lithophile elements such as 
Ti, Rb, and Zr are often used as tracers of clastic sediments in the surface 
environment because of their immobility during chemical weathering (e.g., 
Chen et al., 2006; Haug et al., 2003; Muhs & Benedict, 2006). We used Ti to 
trace local sedimentation and Rb and Zr to trace eolian sedimentation in core 
sediments. Details of sample processing, analytical parameters, and compos-
ite XRF data are in Text S4 in Supporting Information S1 and Data Set S2.

2.3.3. Scanning Electron Microscopy

Further textural and mineralogical analyses of four of the bedrock samples 
and their weathering rinds were performed on a Vega 3 Tescan Scanning 
Electron Microscope at the University of New Mexico's Electron Microbeam 
Facility. Backscattered electron imagery and energy dispersive X-ray spec-
troscopy (EDS) were used to characterize the geochemical and mineralog-
ical changes in the weathering rinds. Information about sample processing, 
analytical parameters and SEM imagery and EDS results are detailed in Text 
S5 in Supporting Information S1 and Data Set S3.

3. Results
3.1. Mineralogy

qXRD analysis shows that local basalt is 40% diopside, 39% plagioclase (23% albite and 16% anorthite), 17% 
olivine, 3% nepheline, and 1% ilmenite (Figure 2a; Table 1), in agreement with earlier analyses (Dohm, 1995; 
Gust & Arculus, 1986; McCabe, 1971). In contrast, lake sediments contain a more felsic mineral assemblage 
comprising 51% illite, 28% quartz, 9% kaolinite, 8% albite, 2% montmorillonite, 2% zircon, and 1% ilmenite over 
the last ∼240 ka (Figures 2a and 2b; Table 1). Apart from changes in the presence of trace amounts of smectite, 
this mineral assemblage remains consistent (Figure 2b). A more subtle stratigraphic variation is not precluded 
given the coarse sample resolution and inherent uncertainties in the qXRD method (Moore & Reynolds, 1997; 
Raven & Self, 2017). The composition of the <150-μm-fraction of catchment colluvium is intermediate to those 
of lake sediments and bedrock, averaging 27% illite, 30% quartz, 18% albite, 7% anorthite, 12% diopside, 3% 
ilmenite, 2% olivine, and 1% zircon (Figure 2a; Table 1). The lake's colluvial apron contains a smaller fraction of 
mafic minerals and a greater fraction of quartz and illite than colluvium found higher in elevation in the catch-
ment (Figure 2a).

We can disregard the presence of calcite, corundum, and weddellite in lake sediments (Table 1). Carbonates are 
mostly below detection limits, in agreement with low abundances observed in smear slides (Staley, 2018). Calcite 
is present below 10.68 mcblf, likely a result of diffuse diagenetic accumulations associated with shallow diagene-
sis rather than primary authigenic precipitation (Staley et al., 2022). Detection of corundum and weddellite seems 
to be the result of sample preparation techniques.

BSE imagery and EDS analysis reveal finer-scale textural and mineralogical features of STL basalts (Figure 3; 
Data Set  S3), consistent with qXRD results. Unweathered basalt contains abundant subhedral clinopyroxene 

Figure 2. (a) Mineralogical comparison of catchment materials. Eolian 
content in colluvium (quartz and illite) increases moving closer to the lake in 
elevation. (b) Quantitative X-ray diffraction analyses (n = 28) of lake sediment 
spanning the last ∼240 kyr.
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Sample ID Core depth (cmcblf) Age (ka) R b (%) E c (%) Diopside Anorthite Albite Olivine Nepheline
Basalt
 STLB-19-1 na m.Mio-l.Plio 2.93 1.2 40.4 15.5 23.2 17.4 2.5
 McCabe (1971) and 

Dohm (1995)  d
na m.Mio-l.Plio na na 33 a 40 e 16.0 0.0

 Gust and Arculus (1986)  e na m.Mio-l.Plio na na 17.5 28.7 21.0 17.0 3.5
Colluvium
 STL21-S-1-13 + 25 na ∼Modern 4.13 1.19 1.9 2.0 26.0 0.0 0.0
 STL21-S-2-10 na ∼Modern 3.32 1.15 19.8 5.8 23.6 0.0 0.0
 STL21-S-3-10 na ∼Modern 3.41 1.13 15.3 12.4 5.1 4.6 0.0
 Average 12.3 6.7 18.2 1.5 0.0
Lake sediment
 STL-STL14-1B-1C-1-W-10 10 0.12 3.76 1.16 0.0 0.0 4.9 0.0 0.0
 STL-STL14-1B-1C-1-W-50 50 0.78 3.78 1.18 0.0 0.0 6.4 0.0 0.0
 STL-STL14-1B-1C-1-W-100 100 1.73 3.63 1.15 0.0 0.0 8.2 0.0 0.0
 STL-STL14-1B-2C-1-W-10 147 6.38 4.09 1.16 0.0 0.0 9.0 0.0 0.0
 STL-STL14-1B-2C-1-W-60 176 8.33 3.64 1.18 0.0 0.0 5.3 0.0 0.0
 STL-STL14-1A-3C-1-W-50 242 10.60 3.11 1.14 0.0 0.0 7.3 0.0 0.0
 STL-STL14-1A-3C-1-W-100 292 24.2 3.5 1.2 0.0 0.0 8.9 0.0 0.0
 STL-STL14-1B-3C-1-W-50 344 34.6 3.62 1.17 0.0 0.0 7.2 0.0 0.0
 STL-STL14-1B-3C-1-W-100 394 43.8 3.88 1.16 0.0 0.0 2.7 0.0 0.0
 STL-STL14-1B-3C-1-W-150 444 53.1 3.74 1.17 0.0 0.0 5.6 0.0 0.0
 STL-STL14-1B-4C-1-W-50 501.5 61.0 3.91 1.19 0.0 0.0 10.8 0.0 0.0
 STL-STL14-1B-4C-1-W-100 551.5 67.2 3.92 1.18 0.0 0.0 9.2 0.0 0.0
 STL-STL14-1B-4C-1-W-150 601.5 73.4 4.16 1.19 0.0 0.0 12.5 0.0 0.0
 STL-STL14-1B-5C-1-W-50 655 83.1 4.16 1.16 0.0 0.0 7.9 0.0 0.0
 STL-STL14-1B-5C-1-W-100 705 94.2 4.14 1.16 0.0 0.0 8.3 0.0 0.0
 STL-STL14-1B-5C-1-W-150 755 105.7 3.82 1.14 0.0 0.0 3.4 0.0 0.0
 STL-STL14-1B-6C-1-W-0 779.5 110.1 4.17 1.15 0.0 0.0 6.2 0.0 0.0
 STL-STL14-1B-6C-1-W-50 829.5 117.5 3.97 1.16 0.0 0.0 10.0 0.0 0.0
 STL-STL14-1B-6C-1-W-100 879.5 123.7 4.3 1.17 0.0 0.0 11.1 0.0 0.0
 STL-STL14-1B-6C-1-W-150 929.5 129.9 4.15 1.17 0.0 0.0 9.9 0.0 0.0
 STL-STL14-1B-7C-1-W-50 968.5 135.2 4.34 1.17 0.0 0.0 17.9 0.0 0.0
 STL-STL14-1B-7C-1-W-100 1,018.5 150.6 4.11 1.17 0.0 0.0 9.3 0.0 0.0
 STL-STL14-1B-7C-1-W-150 1,068.5 166.2 3.62 1.16 0.0 0.0 5.4 0.0 0.0
 STL-STL14-1B-8C-1-W-50 1,119 182.0 3.75 1.16 0.0 0.0 4.7 0.0 0.0
 STL-STL14-1B-8C-1-W-100 1,169 196.4 4.02 1.21 0.0 0.0 6.1 0.0 0.0
 STL-STL14-1B-8C-1-W-150 1,219 211.3 4.04 1.14 0.0 0.0 3.9 0.0 0.0
 STL-STL14-1B-9C-1-W-50 1,252.5 221.6 4.16 1.14 0.0 0.0 2.2 0.0 0.0
 STL-STL14-1B-9C-1-W-100 1,302.5 236.4 4.07 1.13 0.0 0.0 5.0 0.0 0.0
 Average 0.0 0.0 7.5 0.0 0.0

Diopside Anorthite Albite Olivine Nepheline
 Average − [corundum +  

weddellite + calcite]
0.0 0.0 8.4 0.0 0.0

Note. Bold values indicate emphasis
 aCalculated from whole pattern fitting with Reitveld refinement software Materials Jade.  bR is the residual of least-squares refinement scaled by weighted intensities.   
cE is the expected R-factor.  dBoth authors use modal estimates, identify the diopside as augite and clinopyroxene, respectively, and combine plagioclases into a single  
category.  eCIPW normative mineralogy.

Table 1 
Quantitative X-Ray Diffraction Results for Stoneman Lake Bedrock, Colluvium, and Lake Sediments
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Percent abundance a

Orthoclase Magnetite Ilmenite Apatite Montmorillonite Zircon Kaolinite Quartz Illite Corundum Weddelite Calcite

0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 8.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0

5.8 2.8 2.7 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.0 0.0 1.5 0.0 0.0 0.8 0.0 45.4 22.4 0.0 0.0 0.0
0.0 0.0 4.5 0.0 0.0 1.2 0.0 25.3 19.8 0.0 0.0 0.0
0.0 0.0 2.3 0.0 0.0 0.6 0.0 20.1 39.6 0.0 0.0 0.0
0.0 0.0 2.8 0.0 0.0 0.9 0.0 30.3 27.3 0.0 0.0 0.0

0.0 0.0 0.5 0.0 7.4 6.2 9.7 20.1 38.0 11.4 1.8 0.0
0.0 0.0 0.7 0.0 2.5 1.1 10.7 20.5 41.4 8.3 8.4 0.0
0.0 0.0 1.8 0.0 3.1 2.0 9.1 20.4 50.1 4.6 0.8 0.0
0.0 0.0 1.6 0.0 0.5 2.3 11.2 20.4 50.3 1.8 2.9 0.0
0.0 0.0 0.0 0.0 0.0 0.9 15.7 13.4 33.4 14.8 16.5 0.0
0.0 0.0 0.8 0.0 0.0 1.4 7.5 18.7 40.6 20.1 3.6 0.0
0.0 0.0 1.5 0.0 0.0 1.7 3.3 25.8 38.1 20.8 0.0 0.0
0.0 0.0 1.0 0.0 0.0 0.8 4.8 23.3 48.2 14.8 0.0 0.0
0.0 0.0 0.9 0.0 0.0 2.4 10.4 18.3 45.3 20.0 0.0 0.0
0.0 0.0 1.3 0.0 0.0 1.8 13.5 27.7 42.4 7.7 0.0 0.0
0.0 0.0 0.8 0.0 0.0 1.2 6.2 28.5 34.0 18.6 0.0 0.0
0.0 0.0 0.7 0.0 0.0 1.2 3.4 29.2 42.5 13.8 0.0 0.0
0.0 0.0 0.8 0.0 0.2 0.9 6.8 30.6 40.6 7.5 0.0 0.0
0.0 0.0 1.0 0.0 1.4 1.3 6.2 27.2 50.8 3.5 0.7 0.0
0.0 0.0 0.9 0.0 1.4 0.6 5.8 28.4 52.7 2.0 0.0 0.0
0.0 0.0 0.8 0.0 1.5 1.5 13.4 18.5 51.1 6.8 3.2 0.0
0.0 0.0 1.0 0.0 1.6 0.8 6.5 24.8 57.5 1.0 0.6 0.0
0.0 0.0 0.8 0.0 0.6 1.4 7.7 27.2 48.3 4.1 0.0 0.0
0.0 0.0 0.7 0.0 0.0 1.4 3.4 34.2 45.2 4.1 0.0 0.0
0.0 0.0 1.1 0.0 1.3 1.2 3.1 35.6 44.8 3.1 0.0 0.0
0.0 0.0 1.1 0.0 0.2 0.9 1.7 34.9 41.6 1.7 0.0 0.0
0.0 0.0 0.5 0.0 1.6 0.9 4.6 29.5 47.2 6.5 0.0 0.0
0.0 0.0 1.8 0.0 3.1 1.5 7.2 21.8 48.3 8.2 0.0 2.8
0.0 0.0 0.7 0.0 1.5 2.1 9.6 22.0 40.1 7.6 0.0 11.6
0.0 0.0 1.5 0.0 0.0 1.8 4.6 25.1 54.7 4.6 0.0 1.5
0.0 0.0 1.1 0.0 4.2 1.1 3.7 23.1 54.9 3.7 0.0 4.3
0.0 0.0 1.3 0.0 3.4 2.9 11.4 22.0 45.5 7.0 0.0 4.4
0.0 0.0 1.6 0.0 2.6 1.7 7.2 24.1 51.0 5.4 0.0 1.4
0.0 0.0 1.0 0.0 1.4 1.6 7.4 24.8 45.7 8.3 1.4 0.9

Ilmenite Montmorillonite Zircon Kaolinite Quartz Illite
1.1 1.5 1.8 8.3 27.8 51.1
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(diopside) and well-defined calcic plagioclase (anorthite) laths. Sodic plagi-
oclase (albite), the darkest phase in BSE images, is slightly less abundant 
and poikilitic, filling in spaces between other crystals. Euhedral, sometimes 
porphyritic, magnesium-rich olivine is the next most abundant mineral. 
Ilmenite is a common accessory mineral while magnetite and apatite can be 
found in trace quantities.

Weathering rind thickness ranges from roughly 200–400  μm in the four 
samples analyzed under SEM. Vesicular basalts have deeper weathering 
profiles and more diffuse boundaries with unweathered cores. Void space is 
lath-shaped, indicating dissolution of anorthite (Figure 3; Data Set S3; e.g., 
Navarre-Sitchler et  al.,  2009,  2011). EDS analyses indicate albite remains 
abundant in the rind, agreeing with the poikilitic texture of most remaining 
minerals. Ilmenite, magnetite, and some diopside are also present. Second-
ary mineralization is limited to the outer 10–20 μm, ranges from globular to 
laminated in appearance and is largely composed of aluminum, silicon, and 
oxygen, with minor amounts of potassium, iron, magnesium, calcium, and 
titanium, consistent with the chemistry of a 2:1 clay (Figure 3; Data Set S3). 
Without further analyses, we cannot determine whether this secondary mate-

rial is amorphous or crystalline, though it is likely some combination of clay minerals, short-range order materials 
including allophane that act as clay precursors (Colman, 1982; Eggleton et al., 1987), and various iron oxides and 
oxyhydroxides (e.g., Heckman & Rasmussen, 2011).

3.2. Geochemistry

Colluvial fine-fraction and bedrock geochemistries are provided in Table 2 and Table S2 in Supporting Informa-
tion S1. The normalized concentration of cations in colluvium (𝐴𝐴 T𝑖𝑖𝑖𝑖𝑖 , Figure 4a) accounts for volume changes and 
relative loss or gain of elements (Equation 1, Brimhall & Dietrich, 1987) and illustrates processes in the critical 
zone.

T𝑖𝑖𝑖𝑖𝑖 =
𝐶𝐶𝑖𝑖𝑖𝑗𝑗

𝐶𝐶𝑖𝑖𝑖𝑗𝑗

𝐶𝐶𝑖𝑖𝑖𝑗𝑗

𝐶𝐶𝑖𝑖𝑖𝑗𝑗

− 1 (1)

C represents the concentration of immobile (i) or mobile (j) elements in weathered (w) or parent (p) material. 
We use Ti as the locally sourced and immobile cation, i, to normalize the concentrations of other elements. The 
concentration of an element in weathered material is identical to that of the parent when Ƭ = 0. When an element 
is lost to dissolution or biological uptake, Ƭ < 0. Complete loss of an element is  indicated by Ƭ = −1. When an 
element is enriched, Ƭ > 0. The concentrations of conservative elements Al, Si, Ti, and Fe have Ƭ values near 0, 
indicating that they have undergone little modification by modern weathering processes in the shallow subsur-
face. Conversely, Na, Mg, P, Ca, and Sr have negative Ƭ values indicating depletion by chemical dissolution and/
or biological uptake (Jobbágy & Jackson, 2001). K, Rb, and Zr have positive Ƭ values, suggesting their addition 
to colluvium by eolian dust deposition, or potentially in the case of K, biological transfer. In lake sediments, 
conservative lithophile elements associated with clastic sediment (Al, Si, Ti, Fe, K, Rb, and Zr) are positively 
correlated (Figure 4b). More chemically mobile elements Ca and Sr exhibit weak to negative correlations with 
these conservative elements, suggesting that their concentration in lake sediments, like in colluvium, is controlled 
by chemical weathering. Principal component analysis of core scan data likewise partitions calcium from other 
lithophile elements (Figure 4c). Principal component (PC) 1 accounts for 63% of the data set's variability and has 
highly positive factor loadings for all elements except calcium. PC2 accounts for ∼21% of the data set's variability 
and captures the division between conservative (Al, Si, Ti, and Fe) and enriched elements (K, Rb, and Zr), as seen 
in Figure 4a. See Text S6 and Figure S5 in Supporting Information S1 for more information related to this PCA.

Comparing plots of XRF core scans spanning the last 250 kyr supports these statistical relationships with all 
elements but Ca following similar trends (Figure 5). Elements associated with clastic sediment correlate with 
bulk density and exhibit weak anticorrelation with total organic carbon (TOC), an indicator of non-clastic 
content. Relatively low TOC values overall suggest that the amount and composition of clastic influx controls 

Figure 3. Scanning electron microscopy image of a basalt weathering rind 
in cross-section. Mineral phases in order of brightness: Fe-Ti oxides and 
apatite > olivine > diopside > anorthite > albite.
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sediment composition rather than organic matter production and preservation. High TOC values during the 
Early Holocene and possibly MIS 4 could, however, cloud interpretations of clastic influx during these times 
(Figure 5). Mn/Fe, an indicator of redox conditions in the sediment (Davison, 1993; Makri et al., 2021; Naeher 
et al., 2013) trends to zero deeper in the core indicating reducing conditions (Figure 5). This supports the conclu-
sion of Staley et al. (2022)—based on observations of low TOC, green sediment coloration, and secondary calcite 
precipitation—that reducing conditions below ∼8 mcblf resulted from the consumption of oxidizing agents 
during the remineralization of buried organic material.

4. Discussion
Local weathering, erosion, and eolian accumulation influence the composition of colluvial and lacustrine sedi-
ments in the STL catchment. We first investigate how local basalts weather and become sediment by looking at 
mineralogical changes in weathering rinds and physical and geochemical characteristics of colluvial sediments. 

Figure 4. Geochemistry of Stoneman Lake bedrock, colluvium, and lake sediments. (a) Normalized average cation concentration (τTi,j) of colluvial fine-fraction 
(<150 μm, n = 3) compared to catchment bedrock (n = 7) with 1σ uncertainty. (b) Correlation coefficients of selected elements in X-ray fluorescence (XRF) core 
scans of lake sediments. Bold numbers correspond to R-values > 0.50. Italics denotes an insignificant correlation (p values > 0.05). (c) Loadings of the first two 
principal components in an analysis of XRF lake sediment core scans. (d) Geochemical comparison of catchment bedrock, colluvium, and regional dusts in Al-K-Ti 
space indicating a mixture of local and eolian inputs to catchment sediments. Additional bedrock values for the Mormon Mountain Volcanic Field are provided by 
Gust and Arculus (1986) and Rudzitis et al. (2016). Values for dust-associated materials from southwestern North America include (1) the bulk oxide geochemistry of 
modern dust fall samples from Tempe, Arizona (E. Sonora, Péwé et al., 1981), (2) major-to-trace element geochemistry of paleo-dust (vesicular (Av or V) soil horizons) 
and modern dust fall in the Southern Basin & Range, Western Sonora, and Southern California-Mojave regions (Reheis et al., 2009; Sweeney et al., 2013), and (3) 
geochemistries of potential dust sources throughout the American West (Aarons et al., 2017; Sweeney et al., 2013). The average chemistry of the upper continental crust 
(Taylor et al., 1983) is also included. Panel (e) is the same as panel (d) but in Zr-Rb-Ti space.
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Next, we use titanium counts in lake core sediments as an indicator of catchment erosion rates, an approach vali-
dated by ilmenite's conservative behavior in bedrock, colluvium, and lake sediment. Next, we correlate titanium 
and smectite/kaolinite (potentially an indicator of erosion depth) to previous paleoenvironmental interpretations 
derived from palynology and lithology. By exploring relationships between erosion and environment, we predict 
long-term responses of similar environments to anthropogenic climate change. We conclude by discussing the 
role of dust in this environment, how it has changed over time, and factors affecting the amount and character of 
dust inputs.

4.1. Basalt Weathering and Colluvium Production

Chemical and physical weathering combine to degrade catchment basalts into both fine and coarse particles, 
indicated by the mineralogical, geochemical, and physical characteristics of weathering rinds and colluvium 
within the catchment. In weathering rinds, bedrock is affected by various environmental forces that cause it to 
degrade, become susceptible to physical removal (erosion), and ultimately contribute much of the clay-to-silt-
sized material found in colluvium. Our microscopic analyses show chemical dissolution of primary minerals 
like Ca-plagioclase and olivine creates void space in the inner rind (Figure 3). Dissolution exposes the remain-
ing mineral grains to further dissolution, weakening the rock's internal structure (Navarre-Sitchler et al., 2011). 
Mineral grains resisting dissolution are exposed to external erosive forces probably dominated by colluvial 
abrasion given the predominance of colluvium in the catchment. The presence of coarse pebble-to-cobble-sized 
bedrock clasts in colluvium (Figure S3c in Supporting Information S1) suggests that dissolution likely works in 
tandem with subcritical cracking, the primary mechanism for physical degradation of rocks at Earth's surface 
driven by climate-dependent chemo-physical reactions that propagate crack tips (Eppes & Keanini,  2017). 
Mineral transformations into secondary materials such as clay (Figure  3) may also promote the degradation 
of bedrock (Nara et  al.,  2011). While frost weathering may not contribute significantly to coarse sediment 

Figure 5. Geochemical and physical analyses of core STL14. Counts per second of elements calcium (Ca), strontium (Sr), 
potassium (K), rubidium (Rb), zirconium (Zr), iron (Fe), silicon (Si), aluminum (Al), and titanium (Ti). The manganese to 
iron ratio (Mn/Fe) is an indicator of redox conditions in the sediment column. Other compositional indicators include total 
organic carbon and wet bulk density (Staley et al., 2022).
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production during warmer interglacials, rates were likely much higher during cold glacial episodes of the past 
(Marshall et al., 2021).

4.2. Chemical Weathering of Colluvium

Once bedrock is transformed into colluvium, significant mineralogical and geochemical changes continue to 
occur as it is transported downslope in response to continued chemical weathering and inputs of eolian mate-
rial. Complete chemical dissolution of olivine appears to occur almost entirely within the weathering rind 
(Figures  2a and  3). Anorthite and diopside also completely dissolve before deposition in STL although they 
appear to be slightly more resistant given their presence in colluvium (Figures 2a and 3). Albite and ilmenite 
are the only locally sourced minerals that avoid total chemical dissolution in both the rind and soil environments 
(Figures 2 and 3), in agreement with previous work noting their resistance (Blum & Stillings, 1995; Brimhall & 
Dietrich, 1987; Goldich, 1938; Milnes & Fitzpatrick, 1989). Basaltic mineral susceptibility to chemical weath-
ering at STL can be ranked as follows: Olivine > anorthite > diopside > albite > Fe-Ti oxides. Relative mineral 
susceptibility is consistent through time because local mineral proportions in lake sediment do not change signif-
icantly (Figure 2b). Elemental compositions in the bedrock-to-colluvium-to-lake sediment continuum agree with 
mineralogical trends in chemical weathering resistance. Al, Si, Ti, and Fe are all fairly insoluble elements asso-
ciated with albite (NaAlSi3O8) and ilmenite (FeTiO3), whereas elements including Na, Mg, and Ca are all fairly 
soluble and associated with minerals like nepheline (Na3KAl4Si4O16), anorthite (CaAl2Si2O8), diopside (MgCa-
Si2O6), and olivine (MgSiO4) (Figure 4). Because titanium concentration in sediments is most likely controlled by 
the concentration of locally-derived and conservative-behaving ilmenite, we will use Ti counts in core sediments 
to trace sediment transport into the lake through time.

4.3. Clay Minerals

In addition to Ti counts, stratigraphic variability of clay mineral assemblage in lake sediments may be important 
for understanding erosion patterns in the STL catchment, specifically whether sediment transport is occurring 
via mainly hillslope creep or by more active alluvial/colluvial processes like gullying. Past work has shown that 
smectite and kaolinite are common weathering products of basalt, even in drier environments (Birkeland, 1999; 
Eggleton et al., 1987; Vingiani et al., 2004). Here, regression analysis relating the sum of kaolinite and smec-
tite to that of quartz and illite (dust minerals) in lake sediments shows a strongly negative relationship (−0.7 
slope, r 2 = 0.64), suggesting that these clays are local rather than eolian (e.g., Claquin et al., 1999; Lawrence 
et al., 2010; Reheis & Kihl, 1995).

Nearby analyses—in addition to finding similar mineral compositions, chemical weathering susceptibilities, and 
eolian dust additions to Holocene-aged basaltic soils—indicate that kaolinite is found in greater abundances in 
surface horizons, whereas smectite is concentrated deeper in the subsurface (Heckman & Rasmussen, 2011). 
While neither clay was observed in colluvium samples at STL, this does not necessarily preclude their local 
origin—kaolinite and smectite content may be below the detection limit of our XRD methodology. If these clay 
minerals are indeed products of local weathering, their relative abundances through time in lake sediments could 
suggest changes in the intensity of erosion within the catchment: kaolinite indicating primarily shallow sediment 
transport by soil creep, and smectite indicating active gullying that is tapping sediment from Bt horizons deeper 
in the soil profile. Therefore, the ratio of smectite to kaolinite (Sm/Kao) (Figure 6h) may reflect the intensity 
(depth) of erosion, with lower values indicating predominance of hillslope creep processes and higher values 
indicating vigorous erosion and gullying.

4.4. Climate Changes Decrease Landscape Stability

Relationships between global climate, local paleoenvironment, and erosion rate are demonstrated by comparing 
Sm/Kao and Ti in STL lake sediments to the paleoecology of STL (Jiménez-Moreno et al., 2023) and global climate 
indicators (Andersen et al., 2004; Barker et al., 2011; Lisiecki & Raymo, 2005; Figure 6). The highest erosion 
rates (high Ti) and gullying (high Sm/Kao) occur during the Last Interglacial (MIS 5), at the beginning and end of 
MIS 3 (a period of generally milder glacial conditions (Anderson et al., 2000; Jiménez-Moreno et al., 2023)), and 
during the Holocene (Figure 6). Erosion correlates with local occupations by either a piñon pine (P. edulis), juni-
per (Juniperus), and oak (Quercus) woodland or a ponderosa pine forest, drier conditions indicated by negative 

 21699011, 2023, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JF007266 by U

niversidad D
e G

ranada, W
iley O

nline L
ibrary on [27/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Earth Surface

STALEY ET AL.

10.1029/2023JF007266

13 of 19

nPC1 (nPC1−) scores, and high wildfire activity indicated by charcoal counts (Figure 6). Increased precipitation 
intensity in the form of summer convective storms (Betancourt et al., 1990; Cisneros-Dozal et al., 2014; Insel 
& Berkelhammer, 2021) and tropical cyclones (Barron et al., 2012; Roy et al., 2017) likely also contributes to 
erosion via increases in surface runoff. Conversely, glacial periods MIS 2 and 4 exhibit much lower Ti and Sm/
Kao correlating hillslope stability and dominance of hillslope creep to cooler and wetter conditions, the expan-
sion of subalpine forests containing spruce (Picea) and fir (Abies) around STL, deeper, oligotrophic lake water 
(nPC1+), and reduced wildfire activity (Figure 6). Glacial precipitation in SWNA is characterized by protracted 
but low intensity winter rain and snow events that favor infiltration over runoff (Jiménez-Moreno et al., 2023; 
Kohn et al., 2022; Oster et al., 2015; Palecki et al., 2005; Wendt et al., 2018). Thus, vegetation, precipitation 
mode, and forest fire regime appear to work in tandem to influence erosion rates and landscape stability at STL.

We have thus linked erosional patterns in the STL catchment to the two broadly defined Quaternary climate 
endmembers: warmer-drier interglacials and cooler-wetter glacial periods. However, further insights can be 

Figure 6. Erosion, ecology, and climatology at Stoneman Lake (STL). Note x-axis scale change at 20 ka. (a) Climate stages 
defined by Railsback et al. (2015) and correspond to shading. (b) (Zr + Rb)/Ti indicates clastic eolian content relative to local 
inputs while (c) Zr/Rb indicates eolian grain size. See text for details. (d) The LR04 marine benthic stack indicates global 
climate (Lisiecki & Raymo, 2005). Glacial-interglacial cycles are segmented into Marine Isotope Stages (a) subdivided into 
lettered substages. (e) NGRIP (Andersen et al., 2004) and Gsyn (Barker et al., 2011) track North Atlantic climate change. (f) 
Titanium (Ti) indicates erosion in the STL catchment. (g) Percent abundance of Glomus, an endomycorrhizal fungus indicates 
soil erosion and mechanical disturbance. (h) Smectite/kaolinite may indicate depth of erosion. (i) Relative percent abundance 
of tree taxa including thermophiles: P. edulis, Juniperus, and Quercus, more mesic montane pine taxa: P. indeterminant 
(ponderosa, limber, SW white, and/or lodgepole), and boreal taxa: Picea and Abies. (j) Charcoal particle count, an indicator 
of forest fire activity. Gray bars denote large (60–100 μm) particle size, an indicator of intense local fires. (k) non-pollen 
palynomorph principal component analysis score (nPC1). nPC1+ combines Pediastrum, Isoetes, Filinia longiseta, and 
Botryococcus, indicators of deep oligotrophic waters. nPC1- combines Zygnema, Spirogyra, Debarya, Neorhabdocoela, 
and Glomus, indicators of shallow meso- to eutrophic water. Panels (g, i–k) data are from Jiménez-Moreno et al. (2023). (l) 
Simplified facies of Staley et al. (2022) indicating lake depth.
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gleaned from the STL14 record regarding how abrupt (sub-millennial timescale) climate changes in the past have 
affected strong sedimentary responses, and therefore how this landscape might respond to rapid modern aridi-
fication and increases in forest fire activity. The MIS 6 > 5 transition at 132 ka is one such abrupt event. While 
palynological analysis of MIS 6, the penultimate glacial period, is forthcoming, it indicates that fir, spruce, and 
montane pines grew near STL. Following the MIS 6 > 5 transition, forest displacement by piñon and juniper and 
an increase in fire activity correlates to peak Ti and Sm/Kao at ∼130 ka (Figure 6). Jiménez-Moreno et al. (2023) 
invoke intense erosion during MIS 5e and remobilization of pollen previously trapped in soils as an explanation 
for the presence of subalpine tree pollen well into the interglacial despite all other evidence pointing to peak 
warmth and aridity. Considering that local sediment production likely increases during glacials due to increased 
moisture and frost action, reduced sediment transport during these same periods likely results in the formation of 
thick clay-rich hillslope soils. Therefore, much of the local smectite-rich sediment deposited into the lake during 
the early parts of subsequent interglacials was likely produced during the previous glacial period.

Following the dramatic changes of early MIS 5, STL experienced further variability related to precession-driven 
climate oscillations. The transition from MIS 5d > c at 106 ka is particularly informative to future predictions 
and may be analogous to changes occurring today on the Colorado Plateau, where montane pine forests devel-
oped during the Late Holocene (Figure 6) are now being threatened by forest fires and displacement by the 
piñon-juniper woodland. Before this transition, cooler and wetter conditions of MIS 5d were marked by an expan-
sion of the montane pine forest, a deeper lake (facies and nPC1+), and lower erosion rates signaled by decreased 
Ti, Sm/Kao, and Glomus (Figure 6). At the transition into MIS 5c, increased warmth and aridity resulted in 
increased erosion rates despite lower amplitude climate changes compared with glacial Termination II.

The MIS 5 > 4 transition (72 ka) into glacial conditions is indicated by a deepening lake (bedded facies, nPC1+) 
and replacement of piñon-juniper woodland by montane pine and some subalpine pollen (Figure 6). We observe 
decreased erosion rates for the remainder of MIS 4, likely stemming from greater vegetative cover and decreased 
fire activity; however, Ti shows a short-lived peak at the MIS 5 > 4 boundary suggesting an increase in effective 
precipitation caused a brief period of geomorphic adjustment and enhanced erosion (Figure 6f). This is intrigu-
ing because it suggests that abrupt climate change, regardless of the direction, promotes enhanced erosion rates. 
McAuliffe et al. (2006) showed that on decadal to centennial timescales, vegetation loss caused by drought can 
exacerbate erosion rates when precipitation eventually increases. Here, the short-lived increase in Ti shows that 
higher effective precipitation is associated only with increased erosion rates in this hillslope dominated catchment 
for at most a few thousand years (Figure 6f), perhaps related to a brief successional period where colonization by 
new vegetation communities lagged climatic changes.

The next major change occurs at the MIS 4 > 3 transition (57 ka) where an abrupt reversal away from glacial 
conditions is indicated by lake shallowing (facies, nPC1−), a decrease in montane pine pollen, and an increase 
in fire activity to peak values (Figure 6). These changes appear to have led to enhanced erosion; Ti is higher 
than at any point during the Last Glacial (MIS 4–2). Thousands of years later, near the end of MIS 3, a similar, 
shorter-lived increase in erosion occurs during the MIS 3b > a transition (38 ka). Here, higher erosion rates 
correlate with increased effective precipitation, montane pine and subalpine pollen, and reduced fire activity, an 
opposite climatic change from the previous transition. This provides additional evidence that abrupt climatic and 
ecological transitions of any kind can result in decreased landscape stability and higher erosion rates.

One of the best studied climate transitions in SWNA is the Pleistocene-Holocene transition (PHT) beginning at 
14 ka. The PHT is associated with dramatic erosion of hillslope soils in what are now deserts of SWNA (Antinao 
& McDonald, 2013; Bull, 1991; D’Arcy et al., 2017; Miller et al., 2010). Ti values in STL core sediments remain 
low following the PHT despite a rapid warming and drying transition suggested by nPC1- and decreased subal-
pine pollen (Figure 6). While this suggests that erosion rates remained low from 14 to 8 kyr, higher levels of 
TOC (5%–20%) during this interval (Figure 5) could be masking the erosion signal by dilution. While a brief 
increase in Ti occurs during the Younger Dryas (12.9–11.7 ka) (Figure 6f), this could be a result of decreased 
productivity, indicated by a slight decrease in TOC, during this millennial scale cold event rather than increased 
erosion (Figure 5). The absence of Glomus and low Sm/Kao ratios support interpretations of modest erosion rates 
(Figures 6g and 6h). The middle Holocene is driest both at STL and regionally (Anderson, 1993; Antevs, 1948; 
Hasbargen, 1994; Lachniet et  al., 2020; Staley et al., 2022). At its outset (ca. 8 ka), a significant increase in 
erosion (Ti, Sm/Kao, and Glomus) is associated with a large increase in nearby fire activity, as shown by charcoal 
counts (Figure 6). This suggests that enhanced erosion rates in the STL catchment during the Holocene may have 
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been contingent on fire activity, which had been lower in the Early Holocene. Significant peaks in Ti, Glomus, 
and charcoal occur within the last 1.5 kyr (Figure 6) and could relate to activities of Indigenous peoples on the 
Mogollon Rim (Roos et al., 2022).

4.5. Eolian Signals

Quartz and illite are not physical or chemical weathering products of basalt, yet they comprise a significant 
portion of the fine material in catchment colluvium and a majority of lake sediments through time (Figure 2). 
These minerals, in addition to trace quantities of zircon, must be eolian. Ternary plots (Figures 4d and 4e) show 
the geochemical compositions of catchment colluvium between local bedrock and regional dusts. In both plots, 
dust and upper continental crust occupy similar geochemical space reflecting their felsic composition and genetic 
linkage (Taylor et al., 1983). In Al-K-Ti space, Al behaves conservatively as samples trend from high-Ti, low-K 
basalt to low-Ti, hi-K dust (Figure 4d). Illite, a slightly altered muscovite (KAl2(AlSi3O10)(OH)2), is likely respon-
sible for K enrichment in colluvium, although upward transfer of this important nutrient by root uptake could also 
be a contributing factor (Jobbágy & Jackson, 2001).

We use geochemical relationships to show that (Zr + Rb)/Ti in XRF core scans is an indicator of dust deposition 
relative to local clastics and Zr/Rb indicates dust grain size (e.g., Calvert & Pedersen, 2007; Chen et al., 2006). 
Zr-Rb-Ti ternary space shows that colluvium contains dust, enriched in eolian Zr and Rb compared to Ti-rich 
local bedrock (Figure 4e). Zr enrichment in colluvium and regional dusts is due to the presence of zircon (ZrSiO4) 
which dominates bulk Zr concentrations whenever present (Balan et  al.,  2001; Milnes & Fitzpatrick,  1989; 
Tole, 1985). Zircons form very fine sand-to-silt sized crystals in granitic rocks (Taboada et al., 2006) and are 
resistant to chemical and biological processes at Earth's surface, concentrating into sedimentary residuals. Despite 
their high density relative to other common eolian minerals, fine zircons can remain suspended in the atmosphere 
thousands of kilometers from their source (Aarons et al., 2013). Upwind zircon source rocks are widespread in 
Nevada, California, and Arizona in the deserts of the Basin and Range province. The influence of zircons on the 
elemental composition of colluvium indicates that using Zr as a normalizing immobile element when dust inputs 
are significant confounds calculations of chemical and physical erosion rates using chemical depletion fraction 
techniques (e.g., Riebe et al., 2004). The large spread in Zr concentrations of regional dusts (Figure 4e) may 
reflect variable concentrations in dust sources and/or density fractionation of zircons during transport. Therefore, 
Zr concentrations in STL colluvium and lake sediments are associated with coarser-grained dust content. Rb is 
also linked to dust, and like K, is probably associated with illite. Rb is an incompatible element that partitions into 
igneous melts, causing it to concentrate in felsic rocks rather than mantle basalts. Rb substitutes for K in alumino-
silicates, particularly in micaceous minerals (Calvert & Pedersen, 2007). Unlike Zr, Rb does not fractionate into 
heavy minerals, explaining its confined range of concentrations in regional dusts (Figure 4e); therefore, it can be 
used to trace finer grained eolian material. In a subsequent paper we will test these geochemical indicators using 
direct grain size measurements.

Relative—and it should be emphasized, not absolute—dust inputs measured by (Zr + Rb)/Ti are higher during 
glacials (MIS 6, 4, and 2) than interglacials (MIS 7, 5, and 1) (Figure 6b). Despite the potential for enhanced dust 
fertilization during glacials, STL remained oligotrophic (nPC1+). Sediments from MIS 3 exhibit a high range 
of dust fractions through time. Toward the end of glacial periods MIS 2 and 6, the dust fraction declines slightly 
from peak glacial values. Following the PHT, the dust fraction returns to peak values, perhaps signaling increased 
dust production upwind. Our record of dust content for the Holocene is similar to dust accumulation rates in 
Montezuma Well, a sinkhole depression 25 km to the SW of STL (Tau et al., 2021). Both records show increases 
during the Early Holocene, a Middle Holocene lull, and a modest increase during the Late Holocene (Figure 6b). 
A similar peak is not present after the penultimate glacial termination (MIS 6 > 5) at ∼132 ka.

Larger dust grain sizes (higher Zr/Rb) appear to define the later stages of MIS 6, the start of MIS 5e, MIS 2, and 
immediately after the PHT (Figure 6c). Influxes of coarser dust during these times could signal two separate 
phenomena: intensified westerly atmospheric circulation during glacials (Abell et al., 2021; Li et al., 2022; Oster 
et al., 2015) and/or activation of nearby dust sources in the floodplains and piedmonts of the middle Verde River 
Valley. Rivers across the Colorado Plateau aggrade during glacial periods, exposing fine sediments on their 
floodplains to the atmosphere (Anders et al., 2005; Ellwein et al., 2011; Malmon et al., 2011). At the moment, 
we cannot determine the causes of this variability, nor can we quantify dust accumulation rates. In subsequent 
research, we will perform grain size analysis and determine dust mass accumulation rates in the STL14 core 
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record, potentially revealing dust emission patterns relating to erosion and exposure of fine sediments in the vast 
desert regions and rivers upwind to the west and south.

5. Conclusion
Geochemical analyses of bedrock and colluvium from the STL catchment indicate that chemical dissolution 
of minerals such as olivine, pyroxene, and Ca-plagioclase likely drives sediment production by exposing more 
resistant minerals such as Na-plagioclase and ilmenite to physical removal. Chemical weathering produces 
secondary clay minerals such as montmorillonite as well as other amorphous weathering products. Increased 
local geomorphic stability during wetter glacial periods results from increased vegetative cover provided 
by montane and subalpine forests, fewer intense forest fires, and less intense precipitation modes. Erosional 
processes were enhanced during warmer and drier interglacial conditions in response to decreased vegeta-
tive cover, increased forest fire activity, and more intense precipitation events. Significant and persistent dust 
inputs to STL occur over the last few glacial cycles, suggesting that dust is constantly deposited across the 
broader Colorado Plateau region. Relative to local sedimentary inputs, dust input varies at glacial to millennial 
timescales.

Core STL14 archives multiple interconnected critical zone processes operating at STL over glacial-interglacial 
timescales and shows this landscape is sensitive to climate change. While increased effective precipitation can 
temporarily increase erosion, shifts toward warmer and drier conditions, and especially increases in forest fire 
activity, are responsible for lasting increases in erosion rates. The highest levels of wildfire activity and erosion 
occur during periods of greatest warmth, aridity, and vegetation turnover. Glacial terminations such as the PHT 
may not be the best analogs for the impact of ongoing climate change on erosion because the modern landscape 
does not have the large stores of sediment in thick soils that develop during glacials. In our record, the MIS 5d > c 
transition is perhaps the most analogous to modern conditions and shows that interglacial climate oscillations, 
mild in comparison to glacial-interglacial shifts, can enhance erosion rates. Given these results and an expecta-
tion of continued anthropogenic warming and aridification, we expect erosion rates within the STL catchment to 
remain high and perhaps increase in the future. Although these findings are from a relatively steep basaltic  terrain 
currently situated in a semi-arid montane forest of ponderosa pine, similar settings are widespread across the 
Colorado Plateau. Areas experiencing increased forest fire activity and changeover from subalpine/montane to 
piñon-juniper forest communities are likely to experience increased erosion in the centuries and millennia to 
come.

Data Availability Statement
Stratigraphic data from core STL14 including radiocarbon ages, Bayesian age model output, color, sedimen-
tary facies, composition (TOC, density, Magnetic susceptibility, XRF geochemistry are available at https://doi.
org/10.25921/kq32-d134, Staley et al., 2023), within NOAA's NCEI Paleo Data repository (https://www.ncei.
noaa.gov/products/paleoclimatology). Geochemical and mineralogical data of Stoneman Lake catchment bedrock 
and colluvium is available at https://doi.org/10.26022/IEDA/113008 (Staley,  2023), within Lamont-Doherty 
Earth Observatory's EarthChem database (https://earthchem.org/).

Bayesian age model was generated using Bacon (Blaauw & Christen,  2012) version 2.3.9.1, a program run 
on R software (https://cran.r-project.org/bin/windows/base/), both freely accessible. Figures were made using 
MATLAB R2022a (https://www.mathworks.com/products/matlab.html) and Adobe Illustrator 2023 (https://
www.adobe.com/products/illustrator.html), both requiring a license to download and use.
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