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ABSTRACT 28 

 To improve characterization of Holocene earthquakes on the Wasatch fault zone 29 

(WFZ), we excavated a paleoseismic trench and performed a ground-penetrating radar 30 

(GPR) survey across an 8 m-high fault scarp near Alpine, Utah, located <1 km south of 31 

the boundary between the Salt Lake City and Provo segments (SLCS, PS). We document 32 

evidence for six paleoearthquakes (AL6–AL1) from scarp-derived colluvial wedges. The 33 

GPR survey does not resolve paleoearthquake stratigraphy, but is able to detect fault zone 34 

width. Using 19 radiocarbon and 18 optically stimulated luminescence ages, we constrain 35 

alluvial fan deposits to ca. 9.5–6.0 ka and the ages of earthquakes AL6–AL1 to 5.5 ± 1.4, 36 

4.2 ± 1.6, 2.8 ± 0.7, 1.2 ± 0.6, 0.6 ± 0.3, and 0.3 ± 0.1 ka (two-sigma). Recurrence 37 

intervals range from 0.2 to 1.6 kyr. We estimate 6.5 ± 0.5 m of cumulative vertical 38 

tectonic displacement across the ≥14 m-wide fault zone from the offset ground surface 39 

and faulted alluvial fan contacts. This is similar to our independent offset estimate of 6.6 40 

± 0.2 m determined from deducting antithetic faulting and backtilting from primary fault 41 

zone offset derived from doubling colluvial wedge thicknesses. Estimates of per-event 42 

vertical displacement range from 0.8 to 1.2 m. The late Holocene average vertical slip 43 

rate is 1.0 ± 0.3 mm/yr. Based on paleoearthquake correlations with nearby trenches, we 44 

estimate surface rupture lengths of ≤20 km to >65 km, which suggest Mw6.6–7.3 45 

earthquakes. Our results (1) confirm that the entire PS ruptured ca. 0.6 ka, (2) identify a 46 

SLCS-PS spillover rupture ca. 1.2–1.3 ka, and (3) provide evidence for a previously 47 

undocumented earthquake near the SLCS-PS segment boundary ca. 0.3 ka. These 48 

findings permit a more nuanced characterization of earthquakes on the segmented WFZ 49 

and improve earthquake hazard assessments along the Wasatch Front.50 
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INTRODUCTION 51 

 Normal fault systems commonly consist of several geometric or structural fault 52 

sections or segments that are separated by discontinuities such as fault stepovers, abrupt 53 

changes in fault strike, or interactions with cross-faults (Crone and Haller, 1991; 54 

Manighetti et al., 2015). Such discontinuities can control the extent (Sibson, 1985), 55 

displacement (Crone et al., 1987), and thus magnitude (Wells and Coppersmith, 1994) of 56 

surface-rupturing earthquakes. Empirical observations from historic normal fault surface 57 

ruptures indicate that earthquakes sometimes rupture through these discontinuities 58 

(DePolo et al., 1991) and that the end of surface rupture does not always occur at a fault 59 

discontinuity (Wesnousky, 2006; Wesnousky, 2008; Biasi and Wesnousky, 2016). Yet, it 60 

remains unclear how persistent any discrete fault discontinuity may be over multiple 61 

earthquake cycles. Details about the timing, displacement, and extent of surface ruptures 62 

are thus needed to determine how frequently ruptures terminate at structural 63 

discontinuities and to understand how co-seismic surface deformation translates into the 64 

longer-term patterns of tectonics, mountain building, and landscape evolution. 65 

 The Wasatch fault zone (WFZ) is a ~350-km-long, mature normal fault at the 66 

eastern margin of the Basin and Range Province in central Utah that consists of up to 10 67 

fault segments (Fig. 1A; Swan et al., 1980; Schwartz and Coppersmith, 1984; Wheeler 68 

and Krystinik, 1988; Wheeler, 1989; Machette et al., 1992). Geomorphic (Gilbert, 1890) 69 

and paleoseismic studies (see summaries by Machette, 1992; DuRoss et al., 2016) have 70 

reported evidence for repeated, large Holocene earthquakes along the WFZ. Existing 71 

interpretations of WFZ paleoseismic data primarily advocate for single-segment rupture 72 

behavior (Schwartz and Coppersmith, 1984; Machette et al., 1991; DuRoss et al., 2016). 73 
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However, recent syntheses of WFZ data suggest that ruptures both shorter (DuRoss et al., 74 

2016) and longer (Chang and Smith, 2002; Working Group on Utah Earthquake 75 

Probabilities, 2016) than the individual segment lengths are possible.  76 

 To evaluate existing concepts for WFZ rupture behavior, we excavated the Alpine 77 

paleoseismic trench immediately south of the structural boundary between the Salt Lake 78 

City and the Provo segments (Fig. 1B), a boundary suspected to be a barrier to Holocene 79 

surface-rupturing earthquakes. We document paleoseismic evidence for six surface-80 

rupturing earthquakes at the site since ~6 ka; most earthquakes correlate to events on the 81 

Provo segment, but one or two surface ruptures probably correlate with events on the 82 

adjacent Salt Lake City segment. These observations improve our understanding about 83 

the connectivity of fault segments during large earthquakes on a mature normal fault. 84 

 85 

GEOLOGIC SETTING OF THE ALPINE TRENCH SITE 86 

 The Alpine paleoseismic trench site (40.48098°N, 111.74753°W or 4481410N, 87 

436640E; NAD83 UTM Zone 12N) is located in the northeastern corner of Utah Valley 88 

(Fig. 2), on the American Fork section of the Provo segment (PS) of the WFZ (Schwartz 89 

and Coppersmith, 1984; Machette et al., 1991). The site is <1 km south of the northern 90 

end of the PS, where the primary trace of the WFZ abruptly bends ~80° to the west for ~8 91 

km along the east-west-trending Fort Canyon fault, before turning northward as the Salt 92 

Lake City segment (SLCS) (Bruhn et al., 1987). The trench location was selected for its 93 

proximity to the SLCS-PS boundary to test whether the Fort Canyon fault acts as a 94 

consistent barrier to surface rupture between the PS and SLCS. 95 
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 The WFZ deforms several generations of alluvial fan deposits along the northern 96 

PS. Surficial mapping by Machette (1992) indicates that alluvial fan deposits related to 97 

lake cycles of late Pleistocene Lake Bonneville (his unit ’af3’) occur on both the hanging 98 

wall and footwall of the WFZ at the Alpine site. Using the 2013–2014 lidar dataset (Figs. 99 

2, 3, and 4), we identified a small, previously unmapped alluvial fan inset into these late 100 

Pleistocene fan deposits (Figs. 3 and 4). This fan is sourced from a local drainage 101 

network located between the larger Dry Creek and Box Elder Canyon catchments (Fig. 102 

2). The apex and eroded back edge (riser) of this inset fan occur on the footwall of the 103 

WFZ, up to 85 m east of the primary trace of the WFZ, and its broad alluvial cone 104 

continues west onto the hanging wall (Figs. 3 and 4). 105 

 The Alpine trench (Fig. 4) was excavated in May 2014 across an 8 m-high, west-106 

southwest-facing scarp along the primary trace of the WFZ, where it cuts and deforms 107 

this local, inset alluvial fan. The benched trench excavation was ~33 m-long, ~6 m-wide, 108 

and up to 4 m-deep. The north and south walls of the excavation were studied for 15 109 

consecutive days, culminating with a trench review attended by approximately one dozen 110 

geologists from academic institutions, consulting companies, and local government 111 

agencies in the Salt Lake City region. The Alpine trench served as the case study site for 112 

the development of an image-based modeling approach to rapidly generate high-113 

resolution trench wall photomosaics and 3D structure-from-motion (SfM) models of 114 

paleoseismic trench exposures for trench logging purposes (see Reitman et al., 2015). 115 

RESULTS FROM THE ALPINE TRENCH SITE 116 

 Stratigraphy 117 
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 The Alpine trench exposed a sequence of tabular-shaped, sandy pebble-to-boulder 118 

gravels and sand beds (units 1 to 9) that comprise the alluvial fan complex (Fig. 5). We 119 

mapped eight, laterally continuous beds of sandy pebble-to-boulder gravels in the 120 

footwall exposure. A single, discontinuous sand bed (unit 7), unique in its moderate 121 

sorting and relatively finer grain size, is interbedded with these gravels. Alluvial fan 122 

bedding strikes 124° and dips 11° SW where the oldest alluvial units (unit 1/2 contact) 123 

were well exposed in the floor of the trench (near 13H; Fig. 5B). 124 

 Four laterally continuous beds of sandy pebble-to-boulder gravels and the unique 125 

sand bed occur in the hanging wall exposure. The five uppermost alluvial fan units on the 126 

hanging wall and footwall are similar in grain size, thickness, and stratigraphic order. 127 

Thus, we interpret the hanging wall and footwall alluvial fan sequences to be correlative 128 

(Fig. 5), further supported by geochronologic results, discussed below. 129 

 The trench also exposed several wedge-shaped deposits of scarp-derived 130 

colluvium that overlie the alluvial fan complex in the hanging wall (Fig. 5). These 131 

colluvial wedges consist of a mixture of sandy pebble-to-boulder gravels and organic 132 

materials. Colluvial wedges are either in steep fault contact with or deposited against 133 

(erosional buttress relationship) alluvial fan deposits in the footwall. We distinguished 134 

individual colluvial-wedge units on the basis of their wedge-shaped geometry, 135 

intervening buried soils, abrupt changes in sediment texture (e.g., grain size, sorting, 136 

matrix), inclined and slope-parallel fabric of clasts, and structural evidence such as fault 137 

terminations. 138 

 Geochronology 139 

 Radiocarbon 140 
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 Radiocarbon samples were collected from alluvial fan and colluvial wedge units 141 

for accelerator mass spectrometry (AMS) dating (see sample locations on Supplemental 142 

Figures S1 and S2 in the electronic supplement to this article, and Table 1 for summary 143 

of radiocarbon results). Bulk sediment samples were separated to recover fragments of 144 

charred organic material. Large macroscopic charcoal samples were also collected. 145 

Organic materials were then identified via taxonomic classification (Supplemental Table 146 

S1). Most samples targeted the upper 10–20 cm of a unit, where buried soil A-horizons, if 147 

observed, typically contain relatively higher concentrations of organic material. These 148 

samples provide a minimum depositional age for a unit, as soil development and 149 

incorporation of charred organic material post-dates deposition. These samples also serve 150 

as a maximum depositional age for the overlying unit that has buried the sampled soil. 151 

Other radiocarbon samples were collected well below (>20 cm) the upper contact of a 152 

unit and below any soil, if observed. These samples provide a maximum depositional age 153 

for a unit, as charcoal fragments contained in these units are most likely detrital.  154 

In total, we report 19 radiocarbon ages from 17 samples (Table 1). Of these ages, 155 

we used 10 to constrain the timing of alluvial-fan deposition and surface-faulting 156 

earthquakes at the site. 9 ages were excluded because they exhibited ages that are out of 157 

stratigraphic order. We attribute apparently old ages to recycling of detrital charcoal 158 

eroded from the footwall fan or older colluvial wedges. We attribute apparently young 159 

ages to burrowing and root growth. 160 

 Optically Stimulated Luminescence 161 

 Shielded samples were collected in opaque tubes and canisters from alluvial fan 162 

and colluvial wedge units for optically-stimulated luminescence (OSL) dating following 163 
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the methods of Gray et al. (2015) (see sample locations on Supplemental Figures S1 and 164 

S2 in the electronic supplement to this article, and Table 2 for summary of luminescence 165 

results). OSL dating estimates the times since the sampled sediment was last exposed to 166 

sunlight and buried to a depth of ~10 cm. This likely occurs either during the deposition 167 

of the sampled unit or, for relatively thin units or samples near the upper contact of a unit, 168 

once the unit is subsequently buried. OSL samples collected >10 cm below the upper 169 

contact of a unit are interpreted as a depositional age for that unit. OSL samples collected 170 

<10 cm below the upper contact of a unit are interpreted as a minimum depositional age 171 

for that unit, capturing the time when the unit was buried. All samples were collected 172 

after excavating ≥10 cm horizontally into the trench wall to avoid collecting samples that 173 

were bleached during the excavation of the trench. OSL tube samples were collected by 174 

hammering an opaque tube into the trench wall. OSL canister samples were collected by 175 

carefully collecting sand-sized sediment into an opaque canister while shielded from 176 

sunlight by an opaque blanket.  177 

In total, we report 18 OSL ages (Table 2). Of these ages, we used 9 to constrain 178 

the timing of alluvial-fan deposition and surface-faulting earthquakes at the site. 9 ages 179 

were excluded they exhibited ages that are out of stratigraphic order. We attribute 180 

apparently old ages to partial bleaching and apparently young ages to post-depositional 181 

mixing. 182 

 Structures 183 

 The Alpine trench exposed a 10–100 cm-wide primary fault zone of the WFZ 184 

(Fig. 5). The fault zone strikes 132° and dips 72° to the southwest across the trench 185 

exposure, where it truncates footwall alluvial fan units (~14H; where H and V are local 186 
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trench wall coordinates of the meter-square grid established on each trench wall). An 187 

antithetic fault ~11–14 m west of the primary fault zone bounds the outer margin of 188 

secondary synthetic and antithetic faulting within the hanging wall of the WFZ. This 189 

antithetic fault zone strikes 335° and dips 82° to the northeast across the trench (26–27H; 190 

Supplemental Figs. S1 and S2). Collectively, these structures form an 11–14 m-wide 191 

graben in the hanging wall of the WFZ and are responsible for the subtle decrease in local 192 

surface slope observed in our topographic slope profile perpendicular to the WFZ (Fig. 193 

4B). No fault slickenlines were observed along fault surfaces that juxtapose coarse 194 

alluvial and colluvial units. However, rotated clasts occur adjacent to the primary fault 195 

zone (Fig. 4 and Supplemental Figs. S1 and S2), indicating horizontal-axis rotation due to 196 

down-to-the-west normal fault motion. For example, a 45 cm-long boulder has been 197 

noticeably rotated within the WFZ and the plane defined by its major and intermediate 198 

axes strikes 144° and dips 75° to the southwest (14H, 7V, south wall), similar to the 199 

orientation of the WFZ (Supplemental Fig. S1). Several fractures occur in alluvial fan 200 

units and are sub-parallel to nearby faults. Fissure-fill deposits occur locally within the 201 

primary fault zone. 202 

 Ground Penetrating Radar  203 

 We acquired ground penetrating radar (GPR) data along two profiles at the Alpine 204 

trench site to: (1) characterize shallow deformation beyond the footprint of and beneath 205 

the floor of the trench, and (2) evaluate the application of GPR as a tool to identify 206 

evidence for faulting and colluvial wedges in deformed gravelly alluvial fan deposits that 207 

are characteristic of the western United States. The application of GPR in active tectonic 208 

studies has been successful in other dry climates where faulting occurs in coarse alluvial 209 
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gravels (e.g., Slater and Niemi, 2003). The Alpine GPR data (see Figure S3 in the 210 

electronic supplement to this article) were collected about 2 weeks after the trench was 211 

backfilled. GPR line 1 was located 2–3 m north of the trench, and line 2 was located 1–2 212 

m south of the trench (Fig. 4B). Data were acquired with both 50 Mhz and 100 Mhz 213 

antennas along both transects. Only the 100Mhz data are presented and interpreted here 214 

because resolution of the 50 Mhz data was poor. The data were processed using 215 

ProMAX® software, interpreted, and compared with observations from the trench wall 216 

exposures (Supplemental Fig. S3). 217 

 Processing consisted of mean amplitude removal, automatic gain correction, 218 

bandpass filtering, and Eigenvector filtering. Time-to-depth conversion and elevation 219 

corrections were applied using a velocity of 100 m/µs. Frequency-wavenumber filtering, 220 

and deconvolution were also tested but ultimately not applied because these processes did 221 

not substantially improve signal quality of the data. The pre-processed GPR data 222 

contained significant noise, including ringing that was likely the result of an impedance 223 

mismatch between the radar antennae and the ground surface (e.g., Radzevicius et al., 224 

2000). Eigenvector filtering was effective at mitigating the ringing, although residual 225 

coherent noise remains in the final sections. 226 

 Comparison between interpreted stratigraphic layers on GPR line 2 and those 227 

mapped in the nearby south wall of the trench suggests modest agreement. Semi-228 

continuous sub-horizontal reflections in the upper 3 m commonly correlate with 229 

stratigraphic contacts mapped in the trench. Four primary zones of deformation are 230 

interpreted across the fault scarp (black brackets on Supplemental Fig. S3). Subsurface 231 

deformation in the upper 2 m is observed 12 m west of the trench. East of the main fault 232 
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trace, several contacts of mapped footwall units appear to be reflective, but these tend to 233 

disappear at greater apparent depth. This may be caused by loss of signal penetration 234 

rather than loss of impedance contrast. Importantly, colluvial wedges adjacent to the 235 

primary fault zone do not appear as distinct reflections, possibly due to their similar 236 

texture or relatively high organic content. Instead, the zone of scarp-derived colluvial 237 

deposits appears non-reflective except at its western extent, >5 m from the primary fault 238 

zone, where the distal base of unit C3 is interpreted as reflective.  239 

 Interpreted stratigraphic layers on GPR line 1 do not correlate as well with 240 

horizons mapped in the adjacent north trench wall as did line 2 with its southern 241 

counterpart (Supplemental Fig. S3). Reflections in the footwall correlate to several 242 

mapped contacts. The main trace of the WFZ observed in the trench wall roughly 243 

correlates with a shallow deformed zone in the GPR data. Antithetic faulting is also 244 

apparent in the GPR data although its location does not precisely match its location 245 

projected from the trench wall logs. Interpreted horizons within the graben are mostly 246 

inconsistent with stratigraphy observed in the trench. 247 

 In general, the GPR data were able to image reflectors broadly consistent with 248 

mapped stratigraphic contacts and the observed zones of faulting in the Alpine trench. 249 

However, these data were unable to image detailed stratigraphy at this site. Only broad 250 

reflection domains and disrupted zones can be identified that roughly correlate with 251 

trench mapping along both profiles. Deformation interpreted along GPR line 2 suggests 252 

that faulting occurs across a wider zone than exposed in the Alpine trench. However, 253 

GPR was minimally successful at imaging deeper than trench floor (~3 m).  Overall, 254 

while the GPR data resolution was insufficient for event chronology, these results suggest 255 
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that it can be used to assess the extent of deformational prior to trenching and could be 256 

advantageous when siting paleoseismic trenches in a similar geologic setting. 257 

 258 

PALEOSEISMOLOGY 259 

 Paleoearthquake Evidence and Timing 260 

 We document evidence for six paleoearthquakes at the Alpine paleoseismic trench 261 

site (see Fig. 6A for simplified paleoearthquake diagram). Trench wall exposures reveal a 262 

stack of six colluvial wedges that overlie alluvial fan units. Each colluvial wedge is 263 

interpreted to represent deposition related to the post-event collapse and erosion of the 264 

footwall exposed in the fault scarp free face. We modeled earthquake ages (Fig. 6B) with 265 

the OxCal Bayesian analysis software (v4.2; IntCal 13 calibration curve; Bronk Ramsey, 266 

2009), as described by Lienkaemper and Bronk Ramsey (2009). We report earthquake 267 

ages from our preferred Oxcal model (see Code S1 in the electronic supplement to this 268 

article) as the mean and two sigma (2σ) uncertainty in thousands of calendar years before 269 

present (1950) rounded to the nearest century (Table 3). 270 

 Earthquake Six (AL6) 271 

 Earthquake six (AL6) is the oldest earthquake observed at the Alpine site. Surface 272 

rupture during AL6 occurred on the primary fault zone and likely on a 0.25 m-wide fault 273 

zone located ~1 m west of the primary fault zone (Fig. 5). Scarp-derived sediment was 274 

subsequently shed from footwall alluvial fan units, depositing colluvial wedge unit C6, 275 

burying a soil A-horizon on the underlying alluvial fan unit 29, and capping the 0.25 m-276 

wide secondary fault zone. Unit C6 is up to ~0.8 m-thick (Table 3) adjacent to the 277 

primary fault zone and pinches out laterally ~4–6 m to the west. 278 
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 The age of AL6 is constrained by OSL and radiocarbon ages from alluvial fan 279 

unit 9 and overlying colluvial wedges (Fig. 6). OSL ages of 6.7 ± 1.9 ka (L7; footwall) 280 

and 6.1 ± 1.3 ka (L11; hanging wall) were obtained from alluvial fan unit 9. The older 281 

sample (L7) was collected ~0.05 m above the basal contact of unit 9 and likely serves as 282 

a depositional age for unit 9. The younger sample (L11) was collected ~0.10 m below the 283 

upper contact of unit 9, where it is buried by colluvial wedge C6 (Supplemental Fig. S1). 284 

Because the L11 sample was proximal to the paleo-ground surface, this younger OSL age 285 

may serve as a close maximum constraint for AL6. We report several early to middle 286 

Holocene ages (radiocarbon and OSL) for underlying alluvial fan units 2, 3, and 7, 287 

indicating that the alluvial fan units exposed in the trench are ~9.5–6.0 ka. These ages are 288 

similar to a major phase of alluvial fan deposition ca. 8.0–5.4 ka documented at the 289 

American Fork trench site (Machette et al., 1992), ~6 km south of the Alpine trench site. 290 

Four ages obtained for colluvial wedge C6 (R31, R35, L10, L12) that are between ~3 and 291 

8 ka were omitted from our preferred OxCal model because they are out of stratigraphic 292 

order. Samples R31 (7.5 ± 0.1 ka) and R35 (7.7 ± 0.1 ka) may be recycled from older, 293 

charcoal-rich alluvial fan units of the same age (e.g., unit 7). Samples L10 (8.5 ± 2.1 ka) 294 

and L12 (3.2 ± 0.9 ka) yielded ages that are stratigraphically inconsistent with those for 295 

underlying and overlying units, respectively. Although we constructed alternative OxCal 296 

models that include these ages (e.g., see Code S2 in the electronic supplement to this 297 

article), excluding them resulted in a broad possible time range for AL6. The age of event 298 

AL6 is poorly constrained due to the lack of bracketing ages from unit C6. Collectively, 299 

ages from these units constrain a model age of 5.5 ± 1.4 ka for AL6 (Fig. 6).  300 

 Earthquake Five (AL5) 301 
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 Surface rupture during earthquake five (AL5) also occurred on the primary fault 302 

zone at the Alpine site. Scarp-derived sediment was subsequently shed from the footwall, 303 

depositing colluvial wedge unit C5 on the hanging wall and burying colluvial wedge unit 304 

C6 in downlap geometry (Fig. 5). Unit C5 is up to ~0.8 m-thick (Table 3) adjacent to the 305 

fault zone and pinches out laterally ~5–9 m to the west. 306 

 The age of AL5 is constrained by OSL and radiocarbon ages from underlying 307 

alluvial fan unit 9 (~6–7 ka) and colluvial wedge unit C5. An OSL age of 3.6 ± 1.3 ka 308 

(L13) was obtained from unit C5, ~0.15 m below its upper contact (Supplemental Fig. 309 

S1). A radiocarbon age of 5.7 ± 0.1 ka (R33) obtained on charcoal collected from a 310 

chaotic zone of cobbles and boulders near the basal contact of colluvial wedge C5 was 311 

omitted from our preferred OxCal model due its uncertain stratigraphic position and the 312 

possibility that the sample was recycled from older fan or colluvial deposits exposed in 313 

the scarp free face. The age of event AL5 is poorly constrained due to the lack of 314 

bracketing ages from unit C6 and only a single bracketing age for unit C5. Collectively, 315 

ages from these units constrain a model age of 4.2 ± 1.6 ka for AL5 (Fig. 6).  316 

 Earthquake Four (AL4) 317 

 Surface rupture during earthquake four (AL4) also occurred on the primary fault 318 

zone. Scarp-derived sediment was subsequently shed from the footwall, depositing 319 

colluvial wedge unit C4 on the hanging wall and burying colluvial wedge unit C5 in 320 

downlap geometry (Fig. 5). Unit C4 appears to bury an uphill-facing free face formed 321 

along the back edge of unit C5 (at ~13.6H, south wall). Unit C4 is ~0.5 m-thick adjacent 322 

to the fault zone, thickens to ~0.8 m ~2 m to the west (Table 3), and then pinches out 323 

laterally ~8–9 m farther west. 324 
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 The age of AL4 is constrained by OSL and radiocarbon ages from colluvial 325 

wedge units C5 (~3.5 ka) and C4. OSL sample L13 (3.6 ± 1.3 ka) from C5 serves as a 326 

maximum constraint for AL4, and radiocarbon sample R39 (2.5 ± 0.2 ka), located ~0.15 327 

m above the basal contact of colluvial wedge unit C4 (Supplemental Fig. S1), serves as a 328 

close minimum constraint for AL4. We omitted OSL sample L18 (1.1 ± 0.1 ka) located 329 

~0.2 m above the basal contact of C4, from our analysis because this age is about 0.6–1.1 330 

ka younger than several consistent ages of 1.7–2.2 ka (R16, R26, L14) from the 331 

uppermost part of unit C4. Collectively, these ages yield a model age of 2.8 ± 0.7 ka for 332 

AL4 (Fig. 6).  333 

 Earthquake Three (AL3) 334 

 Surface rupture during earthquake three (AL3) also occurred on the primary fault 335 

zone. Scarp-derived sediment was subsequently shed from the footwall, depositing 336 

colluvial wedge unit C3 on the hanging wall and burying colluvial wedge unit C4 in 337 

downlap geometry (Fig. 5). Unit C3 is ~0.4–0.6 m-thick adjacent to the fault zone (Table 338 

3). Unit C3 is much more elongate than the other colluvial deposits in the trench, and 339 

extends laterally 15- to >19-m west of the primary fault zone. 340 

 The age of AL3 is constrained by ages obtained for colluvial wedge units C4 and 341 

C3. Radiocarbon ages of 2.2 ± 0.1 ka (R26) and 1.8 ± 0.1 ka (R16) and an OSL age of 1.8 342 

± 0.6 ka (L14) from the upper ~0.1 m of unit C4 serves as a maximum constraints for 343 

AL3, and radiocarbon ages of 0.8 ± 0.1 ka and 0.9 ± 0.1 ka (both from R17) located ~0.1 344 

m above the basal contact of colluvial wedge unit C3, are close minimum constraints for 345 

AL3 (Supplemental Figs. S1 and S2). These ages yield a model age of 1.2 ± 0.6 ka for 346 

earthquake AL3 (Fig. 6). 347 



Alpine Paleoseismic Trench - Provo Segment, Wasatch Fault 16 

 Earthquake Two (AL2; Penultimate Earthquake) 348 

 Surface rupture during earthquake two (AL2), the penultimate earthquake at the 349 

Alpine site, also occurred on the primary fault zone. Scarp-derived sediment was 350 

subsequently shed from the footwall, depositing colluvial wedge unit C2 on the hanging 351 

wall and partially burying only the fault-proximal portion of colluvial wedge unit C3 352 

(Fig. 5). Unit C2 is up to ~0.8 m-thick adjacent to the fault zone (Table 3) and pinches 353 

out laterally ~4 m to the west in the south wall. In the north wall, unit C2 is less laterally 354 

extensive and pinches out only 1.5 m west of the primary fault zone. 355 

 The age of AL2 is constrained by ages obtained for colluvial wedge units C3 and 356 

C2. Radiocarbon ages of 1.5 ± 0.1 ka (R20) and 0.7 ± 0.1 ka (R22) were collected from 357 

the basal and upper parts of unit C2, respectively, but both were omitted from our OxCal 358 

model as they are not stratigraphically consistent with other ages from C3 and C2. We 359 

omitted OSL ages of 0.4 ± 0.2 ka (L3) and 0.4 ± 0.1 ka (L15) along with a radiocarbon 360 

age of 0.2 ± 0.1 ka (R18) from the upper part of unit C3 because they are essentially 361 

identical to an OSL age of 0.4 ± 0.1 ka (L16) and a radiocarbon age of 0.4 ± 0.1 ka (R21) 362 

that were obtained from the upper ~0.1 m of overlying colluvial wedge C2. These 363 

inconsistent and stratigraphically inverted ages from colluvial units C3 and C2 probably 364 

reflect extensive burrowing in the upper 1.5 m of the trench. We have more confidence 365 

that the consistent ages from sample R17 (~0.8 ka) near the base of C3 serve as a 366 

maximum constraint for AL2, and the ~0.4 ka ages (L16, R21) from C2 serves as 367 

minimum constraints for AL2. Collectively, these constraints yield a model age of 0.6 ± 368 

0.3 ka for AL2 (Fig. 6).  369 

 Earthquake One (AL1; Most Recent Earthquake) 370 
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 Surface rupture during earthquake one (AL1), the most recent earthquake (MRE) 371 

at the Alpine site, also occurred on the primary fault zone. Scarp-derived sediment was 372 

subsequently shed from the footwall, depositing colluvial wedge unit C1 on the hanging 373 

wall, burying colluvial wedge unit C2 in downlap geometry in the north wall exposure, 374 

and partially burying the fault-proximal portion of colluvial wedge unit C2 in the south 375 

wall exposure (Fig. 5). This youngest, unfaulted colluvial wedge also onlaps onto 376 

footwall alluvial fan units up to 1.3 m east of the WFZ, where it buries the eroded free 377 

face (erosional buttress relationship) that formed during AL1. Unit C1 is typically up to 378 

~0.7 m-thick (Table 3), but thickens to ~0.8 m-thick where it buries the primary fault 379 

zone and fills a shallow fissure and pinches out laterally ~3–4 m to the west. The primary 380 

shear zone of the WFZ terminates at the base of unit C1 (Fig. 5).  381 

 The age of AL1 is tightly constrained by ages from colluvial wedge units C2 and 382 

unit C1. OSL and radiocarbon ages from the upper part of unit C2 yield a close maximum 383 

age of ~ 0.4 ka (L16, R21), while radiocarbon ages of 0.2 ± 0.1 ka (R24) and 0.2 ± 0.1 ka 384 

(R25) from the lowest 0.1–0.2 m of unit C1 and an OSL age of 0.3 ± 0.1 ka (L17) from 385 

the middle of unit C1 (Supplemental Fig. S1) serve as close minimum ages for AL1. 386 

Radiocarbon ages of 0.5 ± 0.1 ka (R24) and 0.5 ± 0.1 ka (R23) obtained for colluvial 387 

wedge C1 were omitted from our preferred OxCal model because they are out of 388 

stratigraphic order and the possibility that the samples were recycled from older colluvial 389 

deposits (e.g., unit C2) exposed in the scarp free face. We also use the historic constraint 390 

of 1847 as a minimum age for AL1, the year Mormon pioneers permanently settled the 391 

region and have no subsequent written record of large, surface-rupturing earthquakes 392 
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along the WFZ. Collectively, ages from these units along with a historic constraint help 393 

to constrain a model age of 0.3 ± 0.1 for AL1 (Fig. 6). 394 

 Cumulative Vertical Fault Offset 395 

 We estimate cumulative vertical fault offset at the Alpine site (Fig. 7; Table 4) 396 

from (1) offset of correlative subsurface alluvial fan stratigraphy (stratigraphic throw) 397 

and (2) topographic offset of the gently inclined alluvial fan surface (surface offset). At 398 

the site, the WFZ consists of both a primary shear zone and an 11–14 m-wide hanging 399 

wall graben bound by secondary, antithetic faults. Thus, accounting for down-to-the-east 400 

motion on antithetic faults as well as backtilting of alluvial fan deposits within the graben 401 

permits more accurate estimates of cumulative vertical fault offset. Three laterally 402 

continuous alluvial fan unit contacts correlate across the WFZ and related graben: the 403 

basal contacts unit 6, unit 8, and unit 9 (Fig. 7). The basal contact of unit 6 was not 404 

exposed west of the graben, and thus our estimate of stratigraphic throw from unit 6 may 405 

be a slight overestimate because antithetic faulting is not accounted for. Because the 406 

hanging wall consists of ~20 cm of distal colluvial deposits (unit C3) on the southern 407 

trench wall exposure and complicates an ideal ground surface correlation across the 408 

WFZ, we add a 0.2 m correction to our surface offset estimate for the south wall (Fig. 7; 409 

Table 4). Our GPR survey identified subtle evidence for additional faulting ~10 m west 410 

of the trench (Supplemental Fig. S3). However, the amount of late Holocene fault offset 411 

must be small here, as no fault scarps are detectable in the field or in high-resolution lidar 412 

data, and was not accounted for in our vertical fault offset estimates. It is noteworthy that 413 

our surface offset estimates are similar to our stratigraphic throw estimates (Fig. 7; Table 414 
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4). This indicates that the footwall and hanging wall alluvial tread surfaces are likely 415 

correlative geomorphic surfaces. 416 

 Using our surface offset and stratigraphic throw estimates (Fig. 7), we estimate 417 

6.5 ± 0.5 m of cumulative vertical fault offset across the WFZ at the Alpine site (Table 4) 418 

since ~6 ka. Vertical fault offset estimates from the south wall are consistently ~10% 419 

larger than those for the north wall, indicating a small but systematic along-strike 420 

variation in fault displacement over a few meters (the trench width). Our vertical fault 421 

offset estimates are larger than published estimates from Machette et al. (1992, p.A34), 422 

who reported displacements of 3–5 m in latest Pleistocene glacial outwash deposits at the 423 

mouth of Dry Creek (~300 m northwest of the Alpine trench site). This discrepancy is 424 

more consequential because these previously published, smaller offset estimates are from 425 

units that are at least twice as old as the faulted alluvial fan deposits exposed in the 426 

Alpine trench.  427 

 Displacement Per Event 428 

 Coseismic surface rupture during large earthquakes on normal faults creates 429 

gravitationally unstable fault scarp free faces and produces accommodation space on the 430 

down-thrown (hanging wall) fault block (e.g., Crone et al., 1987). Scarp-derived colluvial 431 

wedges typically form through the collapse and erosion of the upper portion of a scarp 432 

free face, downhill mobilization of this material, and colluvial deposition into the hanging 433 

wall accommodation space (McCalpin, 2009). If mass is conserved along a profile 434 

perpendicular to a normal fault scarp, the triangular area of material eroded from the up-435 

thrown (footwall) block will be similar to the wedge-shaped deposit shed onto the down-436 

thrown (hanging wall) block. As the scarp gradually degrades via diffusion (e.g., Hanks 437 
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et al., 1984), the deepest area of footwall erosion and the thickest hanging wall deposition 438 

will both occur immediately adjacent to the fault. Once the scarp free face is 439 

undetectable, the depth of erosion may become similar in vertical dimension to the 440 

thickness of deposition (McCalpin, 2009). Thus, for normal faults, the maximum, fault-441 

proximal thickness of a colluvial wedge approximates one-half of the original height of 442 

the co-seismic scarp free-face (e.g., Personius and Mahan, 2005; McCalpin, 2009).  443 

 Using the assumption that maximum, fault-proximal colluvial wedge thickness is 444 

a proxy for one-half of the coseismic vertical displacement that occurred on that scarp, 445 

we estimate vertical displacement for the primary fault zone during each of the six 446 

paleoearthquakes documented in the Alpine trench. Wedge thicknesses are 0.51–0.80 m 447 

suggesting that per-event vertical displacements on the primary fault zone were 1.0–1.6 448 

m, and sum to 8.7 ± 0.1 m (Table 3). 449 

 To determine a more accurate estimate of per-event displacements across the 450 

entire WFZ at the Alpine trench, offset on antithetic faults and down-to-the-east 451 

backtilting of alluvial fan deposits in the hanging wall graben (Fig. 5) must be accounted 452 

for. By projecting the east-tilted basal contact of alluvial fan unit 8 (where observed in 453 

the hanging wall graben near 22–23H in the south wall; see Supplemental Figs. S1 and 454 

S2) towards the primary fault zone (Fig. 7), we estimate that the net effect of both down-455 

to-the-east tilting and antithetic fault motion is 2.1 ± 0.1 m (i.e., its projected vertical 456 

position at the primary fault zone is ~2.1 m lower than a projection of the same contact 457 

from the western edge of the trench, near 27H). Subtraction of this 2.1 ± 0.1 m of net 458 

down-to-the-east motion from the 8.7 ± 0.1 m of cumulative down-to-the-west motion on 459 

just the primary fault zone (inferred from doubling colluvial wedge thicknesses; Table 3) 460 
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yields a 6.6 ± 0.2 m estimate for cumulative vertical fault offset. Thus, our 6.6 ± 0.2 m 461 

estimate for cumulative vertical fault offset derived from doubling colluvial wedge 462 

thickness and accounting for hanging wall graben deformation corresponds very well 463 

with our 6.5 ± 0.5 m estimate for cumulative vertical fault offset independently derived 464 

from far-field (10–20 m-scale) estimates of surface offset and stratigraphic throw (Table 465 

4). These results support the hypothesis that the thickness of scarp-derived colluvial 466 

wedges at the Alpine site are a good approximation for one-half the original free face 467 

height of the primary fault scarp. Assuming that hanging wall graben deformation was 468 

broadly similar during each paleoearthquake, we estimate that displacement per event 469 

ranged from 0.8 to 1.2 m (mean of 1.1 m) during the most recent six paleoearthquakes at 470 

the Alpine trench site (Table 3). 471 

 Paleoearthquake Recurrence 472 

 We use the modeled earthquake ages and uncertainties to calculate 473 

paleoearthquake recurrence (Table 5). Inter-event recurrence times (e.g., time between 474 

AL2 and AL1 or AL5 and AL4) range from 0.2 to 1.6 kyr. Mean recurrence times (e.g., 475 

average time between AL4 and AL1 or AL6 and AL1) range from 0.5 to 1.0 kyr. The 476 

open interval, or time since the MRE, is 0.3 ± 0.1 kyr. 477 

 Vertical Slip Rate  478 

 We use our per-event vertical displacements and earthquake timing results to 479 

calculate vertical slip rate estimates for the Alpine site (Table 5). The longest earthquake 480 

pair interval (AL6-AL1) yields a vertical slip rate of 1.0 ± 0.3 mm/yr. Because inter-481 

event recurrence time generally get smaller over time, while each per-event displacement 482 

is similar, the vertical slip rate for younger earthquake pairs increases. For example, the 483 
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slip rate for AL5-AL1 and AL3-AL1 is 1.1 ± 0.5 mm/yr and 2.4 ± 1.4 mm/yr, 484 

respectively. 485 

 486 

DISCUSSION 487 

 The spatial and temporal patterns of surface-rupture earthquakes, and their 488 

uncertainties, are a critical constraint on probabilistic seismic hazard models (PSHA; 489 

Petersen et al., 2014; Field et al. 2014). Plausible rupture models have been generated for 490 

the Wasatch fault zone (e.g., Chang and Smith, 2002; DuRoss et al., 2016; Working 491 

Group on Utah Earthquake Probabilities, 2016) but these scenarios depend heavily on 492 

paleoearthquake data collected primarily from the middle of structural segments. Here we 493 

use data from the Alpine trench, near the boundary between the PS and SLCS, in 494 

conjunction with existing data to discuss plausible correlations with previously-identified 495 

surface ruptures and to estimate the rupture lengths and magnitudes of paleoearthquakes. 496 

Paleoearthquake Magnitude Estimates from Per-Event Displacements 497 

 The six Alpine paleoearthquakes were likely large-magnitude and produced 498 

strong ground shaking of nearby Utah Valley and Salt Lake Valley. We use our estimates 499 

for per-event displacement and empirical relationships between surface displacement and 500 

moment magnitude for normal faults (Wells and Coppersmith, 1994) to estimate the 501 

range of possible paleoearthquake magnitudes (Table 6). If each per-event displacement 502 

observed at the Alpine site was the maximum displacement along each rupture trace, 503 

paleoearthquake magnitudes may have been Mw6.5–6.7. However, if these displacements 504 

represent the average displacement for that rupture, paleoearthquake magnitudes may 505 

have been Mw6.7–6.8. Correspondingly, if these displacements are less than the average 506 
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displacement for each rupture, these estimates may underestimate paleoearthquake 507 

magnitude. 508 

Rupture Length Estimates from Per-Event Displacements 509 

 The six paleoearthquakes documented at the Alpine trench site each produced 510 

~0.8–1.2 m (mean of 1.1 m) of displacement, which suggests that surface ruptures 511 

continued for considerable distances beyond the trench site. We use our estimates for per-512 

event displacement and empirical relationships between displacement and surface rupture 513 

length for normal faults (Wells and Coppersmith, 1994) to estimate the range of possible 514 

surface rupture lengths produced in each paleoearthquake (Table 6). If each per-event 515 

displacement observed at the Alpine site was the maximum displacement for that rupture, 516 

surface rupture lengths may have been ~17–23 km-long. If these displacements represent 517 

the average displacement for that rupture, surface rupture lengths may have been 32–47 518 

km-long. However, if the displacements observed at Alpine are less than the average 519 

displacement for that rupture, surface rupture lengths may have been longer than these 520 

estimates. For example, during a full PS surface rupture, vertical displacement near the 521 

rupture terminus at Alpine is likely to be relatively small compared to near the center of 522 

the rupture. Likewise, during a spillover or multi-segment rupture that exceeds the ~60 523 

km-long PS, vertical displacement may be modulated by structural segmentation (e.g., 524 

Fort Canyon fault), and Alpine may correspond with a local minima in fault 525 

displacement. Such a decrease in along-strike displacement at normal fault structural 526 

complexities has been documented for the ~102 km-long 1887 Sonora, México 527 

earthquake (Suter, 2015) and the ~59 km-long 1915 Pleasant Valley, Nevada earthquake 528 

(Wallace, 1984). 529 
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Paleoearthquake Correlation and Rupture Lengths 530 

 Previous paleoseismic data along the PS indicate that at least five earthquakes 531 

have occurred on the PS since ~6 ka (see summary by Working Group on Utah 532 

Earthquake Probabilities, 2016). Here, we use plausible correlations of Alpine 533 

paleoearthquakes with earthquakes observed at nearby trench sites to estimate the rupture 534 

lengths for earthquakes recorded at the Alpine site. 535 

 Earthquake Six (AL6) 536 

 The large uncertainty in our age estimate of earthquake AL6 (5.5 ± 1.4 ka) allows 537 

for multiple correlations with paleoseismic sites on both the PS and SLCS. AL6 may 538 

correlate to a 5.3 ± 0.3 ka event observed at the American Fork site (Forman et al., 1989; 539 

Machette et al., 1992), ~6 km south of the Alpine site, and a 5.7 ± 0.5 ka event observed 540 

at the Mapleton site (Olig, 2011), ~47 km south of the Alpine site. AL6 also overlaps the 541 

age and uncertainty for events observed at the South Fork Dry Creek site (Black et al., 542 

1996) and Little Cottonwood Canyon site (McCalpin, 2002) on the southern SLCS. 543 

However, due to the large uncertainties of these middle Holocene events, including AL6 544 

at Alpine, we have less confidence in possible correlations. Collectively, the observations 545 

from just the PS indicate that the rupture length of this paleoearthquake exceeded 47 km 546 

(Table 6). 547 

 Earthquake Five (AL5) 548 

 Our age estimate of earthquake AL5 (4.2 ± 1.6 ka) also has large uncertainty that 549 

allows for multiple correlations. AL5 may correlate southwards with a 4.7 ± 0.3 ka event 550 

at Mapleton (Olig, 2011) and preliminary evidence for an event of this age at the Maple 551 

Canyon site (Bennett et al., 2015). Similar to AL6, AL5 overlaps the age and uncertainty 552 
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for events observed on the southern SLCS, but their correlation is not robust. If the site 553 

observations from the PS represent the same paleoearthquake, we estimate that its rupture 554 

length exceeded 60 km (Table 6). 555 

 Earthquake Four (AL4) 556 

 Our age estimate of earthquake AL4 (2.8 ± 0.7 ka) has much smaller uncertainty 557 

that improves possible correlations. AL4 probably correlates with paleoearthquakes 558 

observed at other PS trench sites, including a 2.6 ± 0.3 ka event documented at the 559 

American Fork site (Forman et al., 1989; Machette et al., 1992), a poorly constrained 560 

event ca. 3.2 ± 1.3 ka at the Mapleton site (Olig, 2011), a poorly constrained event ca. 2.8 561 

± 1.2 ka at the Water Canyon site (Ostenaa, 1990; Olig, 2011), and a preliminary 562 

evidence for an event of this age at the Maple Canyon site (Bennett et al., 2015). AL4 563 

may also correlate to the north with a poorly constrained event that occurred shortly after 564 

~2.7 ka at the Fort Canyon site (Western GeoLogic, 2004), located on the Fort Canyon 565 

fault, ~3 km WNW of the Alpine site. No event is observed during this period at sites on 566 

the southern SLCS. Collectively, if these site observations represent the same 567 

paleoearthquake, we estimate that its rupture length exceeded 65 km (Table 6). 568 

 Earthquake Three (AL3) 569 

 Our age estimate for earthquake AL3 (1.2 ± 0.6 ka) also has much smaller 570 

uncertainties. Considering the uncertainty of AL3 and the uncertainty of 571 

paleoearthquakes documented at the American Fork site ~6 km to the south, AL3 does 572 

not appear to correlate with any events at the American Fork site ~6 km to the south. As 573 

such, the southern rupture termination for AL3 likely occurred between these two sites. 574 

Northward, AL3 is coeval with events on two sections of the SLCS, including a 1.3 ± 0.2 575 
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ka event at the South Fork Dry Creek site (Black et al., 1996), a 1.3 ± 0.2 ka event at the 576 

Little Cottonwood Canyon site (McCalpin, 2002), and a 1.4 ± 0.7 ka event on the 577 

antithetic West Valley fault zone (Hylland et al., 2014).  578 

 If AL3 correlates to events on the SLCS, AL3 may be the first evidence of a 579 

Holocene rupture across the segment boundary between the SLCS and PS. This 580 

earthquake may have ruptured much of the SLCS and spilled over for no more than ~7 581 

km of the northernmost PS, similar to an event of similar age that crossed the Weber-582 

Brigham City segment boundary on the northern WFZ (DuRoss et al, 2012; Personius et 583 

al., 2012). One possible problem with this correlation is the lack of evidence for a ca. 1.3 584 

ka event at the Fort Canyon fault trench site (Western GeoLogic, 2004), but the Fort 585 

Canyon fault consists of multiple fault strands that complicate event identification. In 586 

addition, we used recently acquired lidar data to identify previously unknown fault scarps 587 

in the Traverse Mountains that bifurcate from the southern end of the SLCS in a 588 

southward direction (Fig. 2). The presence and patterns of these scarps suggest that a 589 

south-directed surface rupture approached the curved intersection of the SLCS and the 590 

Fort Canyon fault, and continued southward into the Traverse Mountains salient, and 591 

could have bypassed the Fort Canyon trench site before continuing onto the northernmost 592 

PS. Our estimate of displacement at the Alpine site during AL3 is substantially lower 593 

than displacement estimates of other events at the Alpine site (~0.8 m vs 1.0–1.2 m; 594 

Table 3). We speculate that this difference may reflect the progressive southward 595 

decrease in co-seismic surface displacement as this spillover rupture approached its 596 

southern termination a few kilometers south of the Alpine site. Collectively, these 597 
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observations indicate that the rupture length of this paleoearthquake probably exceeds 43 598 

km (Table 6). 599 

 Earthquake Two (AL2; Penultimate Earthquake) 600 

 Our age estimate for earthquake AL2 (0.6 ± 0.3 ka) has a relatively small 601 

uncertainty that allows for more confident correlations. AL2 likely correlates with other 602 

well-documented paleoearthquakes on the PS, including a 0.5 ± 0.2 ka event at the 603 

American Fork site (Forman et al., 1989), a 0.65 ± 0.1 ka event at the Rock Canyon site 604 

(Lund and Black, 1998; Olig, 2011), a 0.50 ± 0.15 ka event at the Mapleton site (Olig, 605 

2011), a 0.7 ± 0.2 ka event at the Water Canyon site (Ostenaa, 1990; Olig, 2011), and 606 

preliminary evidence for an event of this age at the Maple Canyon site (Bennett et al., 607 

2015). No event has been observed during this period at sites on the Fort Canyon fault or 608 

the southern SLCS. Collectively, from these site observations, we estimate that the 609 

rupture length of this paleoearthquake exceeded 60 km (Table 6). 610 

 Earthquake One (AL1; Most Recent Earthquake) 611 

 Our age estimate for earthquake AL1 (0.3 ± 0.1 ka) also has very small 612 

uncertainty. No paleoearthquake has been previously observed ca. 0.3 ka on the PS or 613 

SLCS. The timing of the American Fork MRE (0.5 ± 0.2 ka; Forman et al., 1989; 614 

Machette et al., 1992) overlaps within uncertainty of AL1, as does the 0.4 ± 0.2 ka 615 

reinterpretation of this event by DuRoss (2016) and Working Group on Utah Earthquake 616 

Probabilities (2016). However, we have greater confidence that the American Fork MRE 617 

correlates to the well-documented, PS-wide event ca. 0.6 ka because there is only one 618 

post-1 ka event at American Fork and our evidence for AL2 indicates that a ca. 0.6 ka 619 

event likely ruptured the entire PS. As such, AL1 is evidence of a previously 620 
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undocumented paleoearthquake that may have been centered on the boundary between 621 

the PS and SLCS, and is one of the youngest paleoearthquakes identified on the WFZ. 622 

The results from ongoing paleoseismic investigations on the Fort Canyon fault (Toke et 623 

al., 2013) and at the Corner Canyon site on the southern SLCS (DuRoss et al., in review) 624 

should help to verify the presence of this event, and if observed, place constraints on its 625 

surface rupture length. Because earthquakes correlative with AL1 are not observed at 626 

well-studied sites on the southern SLCS (e.g., Black et al., 1996; McCalpin, 2002) and is 627 

not observed at the American Fork site to the south, the rupture length of this 628 

paleoearthquake may have been centered on the SLCS-PS segment boundary and must 629 

have been no longer than ~20 km (Table 6).  630 

 Landslides Associated with Recent Earthquakes 631 

 Slope failures due to ground shaking are an important potential hazard along the 632 

Wasatch Front, but little data exists to inform risk models and scenarios (EERI, 2015). In 633 

our examination of recently acquired high-resolution lidar, we identify two large (~1 km-634 

wide), bedrock-involved, mountain front landslides located 0.5–2.7 km south of the 635 

Alpine site (Fig. 2). We speculate that surface rupture and/or ground shaking related to 636 

events AL1 or AL2 could have caused these landslides, as their head scarps appear 637 

youthful and their toes appear to overlie the trace of the WFZ and are unfaulted (Fig. 2). 638 

If these landslides occurred during AL2, surface rupture during AL1 may have 639 

terminated in the ~0.5 km distance between the Alpine site and the northern margin of 640 

these landslides, as the landslide deposits are unfaulted and continue across and west of 641 

the projected trace of the WFZ. Alternatively, we speculate that this large landslide 642 

complex last moved during event AL1 and that fault scarps related to AL1 may have 643 



Alpine Paleoseismic Trench - Provo Segment, Wasatch Fault 29 

continued south of the Alpine site, but were locally overrun and concealed by the 644 

landslide complex during or immediately after surface rupture occurred. Further study is 645 

required to verify if these landslides were co-seismically generated, and, if so, which 646 

earthquake caused them to occur. 647 

 648 

Paleoearthquake Magnitude Estimates from Site Correlations 649 

 Site-to-site paleoearthquake correlations provide an independent approach to 650 

estimating rupture length and thus paleoearthquake magnitude. As discussed above, we 651 

estimate the rupture length for each paleoearthquake based on plausible event 652 

correlations between several trench sites on the PS and SLCS. The resultant rupture 653 

lengths are similar to or slightly longer than our rupture length estimates based on per-654 

event displacements (Table 6). We use these surface rupture length estimates from site 655 

correlations, along with an empirical relationship between surface rupture length and 656 

moment magnitude for normal faults (Wells and Coppersmith, 1994), to provide another 657 

estimate for the magnitude of paleoearthquakes (Table 6). These results suggest that 658 

paleoearthquakes observed at the Alpine trench site were Mw6.6–7.3, in general 659 

agreement with results reported in a recent report by the Working Group on Utah 660 

Earthquake Probabilities (2016). 661 

 662 

CONCLUSIONS  663 

 Paleoseismic data from the Alpine trench site on the WFZ provide important new 664 

details about Holocene surface-rupturing earthquakes and the behavior of normal fault 665 

segment boundaries over several earthquake cycles. These data indicate that six 666 
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paleoearthquakes have occurred since ~6 ka on the northernmost portion of the PS, 667 

producing an 8 m-high, multi-event scarp in early to middle Holocene alluvial fan 668 

deposits. Inter-event recurrence intervals range from 0.2 to 1.6 kyr (mean of 1.0 kyr). 669 

Trench observations indicate up to 1.2 m of vertical per-event displacement. Each 670 

paleoearthquake was Mw6.6–7.3 and produce surface rupture lengths of ≤20 km to >65 671 

km. Each event likely produced strong ground motions throughout Utah Valley and Salt 672 

Lake Valley. Integration of these results with observations from nearby paleoseismic sites 673 

suggest that four of the six Alpine events (AL6, AL5, AL4, AL2) may represent 674 

Holocene paleoearthquakes that ruptured most of the >60 km-long PS. Earthquake AL3 675 

may be the first evidence for a spillover paleoearthquake ca. 1.3 ka that ruptured much of 676 

the SLCS to the north, continued through the segment boundary between the SLCS-PS, 677 

and continued for no more than ~7 km onto the PS. Earthquake AL1 occurred ca. 0.3 ka 678 

and represents a previously-undocumented event near the segment boundary between the 679 

SLCS and PS and is one of the youngest prehistoric earthquakes identified on the WFZ. 680 

GPR data are insufficient to record individual paleoearthquakes, but do provide useful 681 

information on the width of the fault zone. These observations support the inference that 682 

Holocene ruptures along the Wasatch fault zone occasionally spillover onto adjacent fault 683 

segments or are centered on segment boundaries. Our evidence for co-seismic 684 

connections across the PS-SLCS structural discontinuity adds to a growing body of 685 

research that suggests earthquakes on segmented normal faults are not always restricted 686 

to a single fault segment (e.g., DePolo et al., 1991) and supports a more nuanced model 687 

of fault segmentation of mature normal fault systems such as the Wasatch fault zone. 688 

 689 
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DATA AND RESOURCES 690 

The U.S. Geological Survey (USGS) Quaternary Fault and Fold Database was searched 691 

from USGS web site: https://earthquake.usgs.gov/hazards/qfaults/ (last accessed on 692 

January 1, 2015). 693 

 694 

The National Map (U.S. Geological Survey) was searched from USGS web site: 695 

http://nationalmap.gov/3DEP/3dep_prodserv.html (last accessed on January 1, 2015). 696 

697 
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FIGURE CAPTIONS 860 

Figure 1 861 

(A) Regional physiographic map of the ~350-km-long Wasatch fault zone (red lines), a 862 

mature normal fault at the eastern margin of the Basin and Range Province (Utah and 863 

Idaho) that consists of up to 10 structural fault segments (large white text). Segment 864 

boundaries (yellow arrows) are major structural discontinuities (e.g., fault stepover, gap, 865 

or bend) thought to play a role in modulating the extent and segmentation of late 866 

Quaternary earthquake ruptures. Map-view width of discontinuity indicated (white text). 867 

Results from numerous paleoseismic trench investigations (white stars) indicate that the 868 

five central segments (Brigham City to Nephi) are Holocene-active. Upper right inset 869 

shows Quaternary faults and folds (gray lines) across the Basin and Range Province and 870 

Colorado Plateau. Topography (90 m-resolution Shuttle Radar Topography Mission 871 

(SRTM)) was obtained from the U.S. Geological Survey, The National Map (see Data 872 

and Resources Section). Fault traces for the Wasatch fault zone (red) and other 873 

Quaternary faults (black) were obtained from the U.S. Geological Survey Quaternary 874 

Fault and Fold Database (see Data and Resources Section). 875 

 (B) Physiographic map of the Salt Lake City and Provo segments of the central Wasatch 876 

fault zone. Illumination from the east. Topography (10 m-resolution National Elevation 877 

Dataset (NED)) was obtained from the U.S. Geological Survey, The National Map (see 878 

Data and Resources Section). Fault traces along the foot of the Wasatch mountains were 879 

obtained from the U.S. Geological Survey Quaternary Fault and Fold Database (see Data 880 

and Resources Section). Fault traces in Utah Lake are from Dinter (2014). Paleoseismic 881 

sites (white stars): BL–Baileys Lake, PD–Penrose Drive, LCC–Little Cottonwood 882 
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Canyon, SFDC–South Fork Dry Creek, CC–Corner Canyon, FC–Fort Canyon, AL–883 

Alpine, AF–American Fork, RC–Rock Canyon, HC–Hobble Creek, MN–Mapleton 884 

North, MS–Mapleton South, WC–Water Canyon, MC–Maple Canyon, SL–Spring Lake, 885 

PC–Picayune Canyon, S–Santaquin 886 

 887 

Figure 2 888 

Hillshade map of 0.5 m-resolution lidar data at the segment boundary between SLCS and 889 

PS, with fault trace mapping (solid lines) conducted during this study. Illumination from 890 

the east. We identify previously undocumented fault scarp arrays in the Traverse 891 

Mountains and bedrock landslides (dashed lines) just south of Box Elder canyon. Late 892 

Pleistocene Lake Bonneville (‘B’) highstand shoreline (dash-dot line). Trench sites (stars) 893 

as in Figure 1B. 894 

 895 

Figure 3 896 

(A) Uninterpreted hillshade map of 0.5 m-resolution lidar data along the northernmost 897 

portion of the Provo segment (Wasatch fault). Illumination from the east. 898 

(B) Interpreted neotectonic map showing normal fault traces (thick lines) and several 899 

generations of late Quaternary surficial deposits (thin lines). Mapping modified from 900 

Machette (1992) and Biek (2005). Quaternary unit nomenclature after Machette (1992): 901 

‘gdco’–middle Pleistocene glacial outwash, ‘af4’–middle to late Pleistocene alluvial fan 902 

(pre-Lake Bonneville), ‘af3’–latest Pleistocene alluvial fan (coeval with Lake 903 

Bonneville), ‘afy’–latest Pleistocene to Holocene alluvial fan (post-Lake Bonneville), 904 

‘aly’–latest Pleistocene to Holocene stream alluvium (post-Lake Bonneville) 905 
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 906 

Figure 4 907 

(A) Uninterpreted hillshade map of 0.5 m-resolution lidar data at the Alpine trench site. 908 

Illumination from the east. 909 

(B) Interpreted lidar hillshade map of Alpine trench site with normal fault traces (thick 910 

lines). A portion of an inset middle Holocene alluvial fan is preserved on the footwall 911 

(east of) the Wasatch fault (thin lines). Footprint of benched paleoseismic trench 912 

(rectangles) and ground penetrating radar profiles (dashed lines) are shown. 913 

(C) Topographic profile surveyed across fault scarp with real-time kinematic (RTK) GPS 914 

system (see panel B for profile location). Survey conducted before trench excavation. 915 

Survey data points are indicated with small ‘X’s. South wall trench outline and faults 916 

shown (mirrored). 917 

 918 

Figure 5 919 

Photomosaics and simplified trench logs for the south wall (A) and north wall (B) of the 920 

Alpine paleoseismic trench (northernmost Provo segment, Wasatch fault). See 921 

Supplemental Figures S1 and S2 for high-resolution photomosaics and detailed trench 922 

logs complete with geochronologic sample locations and unit descriptions. 923 

 924 

Figure 6 925 

(A) Schematic diagram of the structural and stratigraphic relationships documented in the 926 

Alpine paleoseismic trench and geochronologic results from radiocarbon and optically-927 

stimulated luminescence samples. 928 
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(B) OxCal model showing the chronologic ordering of dated stratigraphic units (gray 929 

probability density functions (PDFs) and paleoearthquakes (red PDFs). Model inputs 930 

include calibrated radiocarbon (R_Date) and optically stimulated luminescence (C_Date) 931 

age results. Ages for a discrete stratigraphic unit are grouped into a Phase. Each 932 

paleoearthquake age is modeled (red PDFs) as a Boundary. See Bronk Ramsey (2009) 933 

and Lienkaemper and Bronk Ramsey (2009) for further OxCal modeling details. See 934 

Supplemental Code S1 for this preferred OxCal model. See Supplemental Code S2 for an 935 

alternative OxCal model (not presented here). 936 

 937 

Figure 7 938 

Calculations for surface offset and stratigraphic throw estimates from the south wall (A) 939 

and north wall (B) of the Alpine paleoseismic trench (northernmost Provo segment, 940 

Wasatch fault). See Figure 5 and Supplemental Figures S1 and S2 for trench log details. 941 



TABLE 1 - Radiocarbon Data and Ages from the Alpine paleoseismic trench, Wasatch fault, Alpine, UT.
Sample Unit Sample Trench Wall Horizontal Vertical Sample Description Sample NOSAMS Fraction Fraction Modern δ13Cb Δ14C
Number Type and Bench Location (m) Location (m) Weight (mg) Accession #a Modern Error

R4 7 macro south, lower 23.1 3.7 unidentified organic material 0.9 OS-115010  0.4291 0.0020 nm -574.2 6,800 ± 40 7639 ± 30 7.6 ± 0.1
R5 9 bulk south, lower 17.0 5.6 unidentified hardwood fragments 1.7 OS-115011  0.4375 0.0022 nm -565.89 6,640 ± 40 7522 ± 35 7.5 ± 0.1

R13 7 macro north, lower 2.9 12.6 unidentified hardwood fragments 7.3 OS-115236  0.3870 0.0094 -25.68 -612.28 7,630 ± 190 8475 ± 227 8.5 ± 0.4
R16 C4 bulk south, upper 14.3 8.3 unidentified hardwood fragments 2.8 OS-115012  0.7964 0.0020 nm -209.75 1,830 ± 20 1768 ± 33 1.8 ± 0.1
R17 C3 bulk south, upper 14.3 8.5 monocot/herbaceous dicot stems 0.5 OS-115013  0.8943 0.0025 nm -112.6 895 ± 25 827 ± 51 0.8 ± 0.1
R17 C3 bulk south, upper 14.3 8.5 unidentified hardwood fragments 1.3 OS-115014  0.8931 0.0019 nm -113.75 910 ± 15 851 ± 39 0.9 ± 0.1
R18 C3 bulk south, upper 13.7 9.0 Quercus (oak) fragments 6.5 OS-115298  0.9709 0.0021 -24.93 -36.62 235 ± 15 247 ± 66 0.2 ± 0.1
R20 C2 bulk south, upper 13.7 9.2 Quercus (oak) fragments 1.1 OS-115113  0.8175 0.0024 -25.06 -188.81 1,620 ± 25 1500 ± 48 1.5 ± 0.1
R21 C2 bulk south, upper 13.8 9.5 Quercus (oak) fragments 6.3 OS-115015  0.9597 0.0019 -23.95 -47.68 330 ± 15 384 ± 42 0.4 ± 0.1
R22 C2 bulk south, upper 13.0 9.7 unidentified hardwood fragments 0.5 OS-118353  0.9165 0.0019 -25.24 -90.6 700 ± 15 664 ± 16 0.7 ± 0.1
R23 C1 bulk south, upper 12.7 10.1 hardwood and conifer fragments 0.6 OS-118355  0.9348 0.0018 -25.08 -72.42 540 ± 15 549 ± 26 0.5 ± 0.1
R24 C1 bulk south, lower 13.2 9.9 monocot fragments 1.6 OS-115016  0.9784 0.0020 -25.25 -29.11 175 ± 15 168 ± 86 0.2 ± 0.1
R24 C1 bulk south, lower 13.2 9.9 asteraceae fragments 0.6 OS-115017  0.9458 0.0027 -25.13 -61.47 445 ± 25 505 ± 17 0.5 ± 0.1
R25 C1 bulk south, lower 13.1 10.1 Quercus (oak) fragments 2.6 OS-115018  0.9843 0.0018 -24.28 -23.3 125 ± 15 133 ± 78 0.2 ± 0.1
R26 C4 bulk north, upper 15.9 8.1 unidentified hardwood fragments 2.1 OS-118354  0.7610 0.0021 -25.16 -244.9 2,190 ± 20 2231 ± 53 2.2 ± 0.1
R31 C6 bulk north, lower 16.3 6.5 conifer fragments 0.7 OS-118356  0.4427 0.0018 -21.58 -560.68 6,550 ± 30 7460 ± 27 7.5 ± 0.1
R33 C5 bulk south, lower 15.8 6.5 unidentified hardwood fragments 2.5 OS-118404  0.5404 0.0019 -23.93 -463.74 4,940 ± 30 5663 ± 38 5.7 ± 0.1
R35 C6 bulk south, lower 14.9 6.6 unidentified hardwood fragments 0.6 OS-115019  0.4276 0.0022 -24.49 -575.71 6,820 ± 40 7652 ± 34 7.7 ± 0.1
R39 C4 bulk south, lower 14.7 7.7 unidentified hardwood fragments 1.4 OS-115227  0.7414 0.0054 -24.84 -268.47 2,400 ± 60 2493 ± 113 2.5 ± 0.2

a - Samples run at National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) laboratory (Woods Hole, MA).

b - 'nm' indicates not measured

c - Calibrated age (mean) and error (one-sigma).

d - Modelled age (mean) and error (two-sigma) from OxCal model as discussed in manuscript text. Both rounded to nearest century,

e - Bold ages used in preferred OxCal model (Fig. 6; Supplemental Data). Other ages omitted from preferred OxCal model. See text for details.

Lab Age and Error
(yr)

Calibrated Age and Error
(cal yr B.P.)c,e

Calibrated Age and Error
(thousand cal yr B.P.)d,e

Bennett_Alpine trench manuscript_Table 1



TABLE 2 - Quartz Optically Stimulated Luminescence (OSL) Data and Ages from the Alpine paleoseismic trench, Wasatch fault, Alpine, UT.
Sample Unit Sample Trench Wall Horizontal Vertical % Water K (%)b U (ppm)b Th (ppm)b Cosmic dose Total Dose Equivalent nd Scattere

Number Type and Bench Location (m) Location (m) contenta  (Gy/ka)c Rate (Gy/ka) Dose (Gy)
L1 7 canister south,	lower 24.9 3.3 0 (39) 0.98 ± 0.05 2.52 ± 0.38 6.26 ± 0.56 0.20 �± 0.02 2.14 ± 0.13 13.6 ± 0.75 19 (24) 30% 6,360 ± 520 6.4 ± 1.0
L2 8 canister north,	upper 27.7 4.9 2 (36) 0.87 ± 0.06 2.23 ± 0.29 3.31 ± 0.51 0.26 �± 0.03 1.83 ± 0.15 6.96 ± 0.93 2 (9) 33% 3,800 ± 590 3.8 ± 1.2
L3 C3 tube north,	upper 24.1 6.4 7 (8) 0.91 ± 0.05 1.85 ± 0.23 4.61 ± 0.58 0.41 �± 0.04 1.96 ± 0.16 0.87 ± 0.19 3 (10) 105% 440 ± 100 0.4 ± 0.2
L4 2 canister east,	floor 13.4 6.6 1 (24) 1.28 ± 0.08 3.67 ± 0.26 8.18 ± 0.74 0.19 �± 0.02 2.78 ± 0.15 26.7 ± 0.69 18 (20) 26% 9,600 ± 570 9.6 ± 1.1
L5 3 canister north,	lower 12.1 8.9 4 (37) 1.11 ± 0.04 2.70 ± 0.19 5.36 ± 0.36 0.21 �± 0.02 2.30 ± 0.09 22.5 ± 0.69 33 (35) 26% 9,770 ± 480 9.8 ± 1.0
L6 7 canister south,	lower 5.3 12.5 3 (26) 1.53 ± 0.04 3.10 ± 0.27 5.53 ± 0.45 0.22 �± 0.02 2.78 ± 0.13 15.6 ± 1.75 7 (15) 70% 5,650 ± 680 5.7 ± 1.4
L7 9 canister south,	upper 1.0 14.9 7 (25) 1.42 ± 0.04 2.76 ± 0.21 6.60 ± 0.50 0.25 �± 0.03 2.76 ± 0.12 18.6 ± 2.50 4 (5) 32% 6,730 ± 950 6.7 ± 1.9
L8 8 canister north,	lower 16.5 5.2 3 (24) 1.32 ± 0.05 2.58 ± 0.22 6.19 ± 0.55 0.18 �± 0.02 2.48 ± 0.13 12.3 ± 0.69 17 (19) 34% 4,970 ± 380 5.0 ± 0.8
L9 9 canister north,	lower 16.2 6.0 3 (27) 0.56 ± 0.04 1.95 ± 0.24 3.02 ± 0.69 0.20 �± 0.02 1.40 ± 0.17 12.5 ± 0.56 16 (21) 28% 8,920 ± 1,140 8.9 ± 2.3

L10 C6 canister north,	lower 15.5 6.5 4 (32) 0.65 ± 0.04 1.71 ± 0.17 3.30 ± 0.75 0.19 �± 0.02 1.47 ± 0.17 12.5 ± 0.49 5 (17) 57% 8,500 ± 1,030 8.5 ± 2.1
L11 9 canister south,	lower 14.8 6.3 3 (28) 0.69 ± 0.04 1.99 ± 0.17 3.48 ± 0.64 0.19 �± 0.02 1.61 ± 0.15 9.78 ± 0.44 3 (28) 39% 6,070 ± 630 6.1 ± 1.3
L12 C6 canister south,	lower 15.1 6.8 5 (29) 1.39 ± 0.04 2.92 ± 0.23 5.54 ± 0.51 0.21 �± 0.02 2.65 ± 0.13 8.39 ± 1.06 4 (23) 99% 3,170 ± 430 3.2 ± 0.9
L13 C5 canister south,	lower 14.8 7.2 5 (34) 0.77 ± 0.04 2.49 ± 0.25 4.78 ± 0.89 0.22 �± 0.02 1.91 ± 0.19 6.91 ± 0.97 7 (32) 47% 3,620 ± 630 3.6 ± 1.3
L14 C4 canister south,	upper 15.0 8.3 9 (31) 1.05 ± 0.04 2.51 ± 0.25 4.95 ± 0.63 0.26 �± 0.03 2.16 ± 0.15 3.85 ± 0.61 2 (26) 46% 1,780 ± 310 1.8 ± 0.6
L15 C3 canister south,	upper 13.9 9.0 9 (16) 0.86 ± 0.04 2.31 ± 0.25 3.49 ± 0.40 0.26 �± 0.03 1.92 ± 0.12 0.78 ± 0.09 4 (28) 55% 410 ± 50 0.4 ± 0.1
L16 C2 canister south,	upper 14.1 9.3 6 (29) 0.53 ± 0.10 2.21 ± 0.24 2.59 ± 0.41 0.28 �± 0.03 1.59 ± 0.12 0.68 ± 0.08 10 (27) 102% 430 ± 60 0.4 ± 0.1
L17 C1 tube south,	upper 13.9 9.9 5 (27) 1.14 ± 0.05 2.35 ± 0.24 4.29 ± 0.39 0.37 �± 0.04 2.24 ± 0.12 0.71 ± 0.06 13 (22) 128% 320 ± 30 0.3 ± 0.1
L18 C4 canister north,	upper 16.4 7.6 3 (30) 1.23 ± 0.04 2.30 ± 0.18 4.70 ± 0.29 0.23 �± 0.02 2.24 ± 0.08 2.52 ± 0.08 5 (23) 56% 1,130 ± 50 1.1 ± 0.1

Samples run at U.S. Geological Survey Luminescence Dating Laboratory (Denver, CO).
aField moisture, with figures in parentheses indicating the complete sample saturation %.  Ages calculated using 20% of the saturated moisture (i.e. 2 (36) = 36 * 0.20 = 7) except DC-L4.
bAnalyses obtained using high-resolution gamma spectrometry (Ge detector).
cCosmic doses and attenuation with depth were calculated using the methods of Prescott and Hutton (1994).  See text for details.
dNumber of replicated equivalent dose (De) estimates used to calculate the final overall equivalent dose.  Figures in parentheses indicate total number of measurements included in calculating

the represented equivalent dose and age using the minimum age model for the colluvial wedges and samples with scatter >40%; and the weighted mean for all other units. 
eDefined as "over-dispersion" of the De values. Obtained by taking the average over the std deviation. Values >35% are considered to be poorly bleached sediments.
fDose rate and age for fine-grained 250-90 or 125-90 micron sized quartz.  Exponential fit used on equivalent doses, errors to one sigma, ages and errors rounded.
gAges and uncertainties discussed in manuscript text. Both rounded to the nearest century; error to 2-sigma. Bold ages used in preferred OxCal model (Fig. 6; Supplemental Data). Other ages omitted from preferred OxCal model. See text for details.

Lab Age and Error
(yr)f

Age and Error
(thousand cal yr B.P.)g
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Table	3	-	Summary	of	paleoearthquake	data	and	earthquake	ages	from	the	Alpine	paleoseismic	trench,	Wasatch	fault,	Alpine,	UT.

Earthquake
Related	
Colluvial	
Wedge

Maximum	
Colluvial	Wedge	
Thickness	in	

South	Wall	(m)1

Maximum	
Colluvial	Wedge	
Thickness	in	

North	Wall	(m)1

Average	
Maximum	

Colluvial	Wedge	
Thickness	(m)

Proportion	of	
Cumulative	
Vertical	

Displacement	
on	Primary	
Fault	Zone

Vertical	
Displacement	
via	Tilting	and	
Antithetic	

Faulting	(m)3

AL1 C1 0.75 0.66 0.71 1.4 ± 0.1 16% 0.4 1.1 ± 0.1 0.3 ± 0.1
AL2 C2 0.78 0.82 0.80 1.6 ± 0.2 18% 0.4 1.2 ± 0.1 0.6 ± 0.3
AL3 C3 0.59 0.42 0.51 1.0 ± 0.1 12% 0.3 0.8 ± 0.1 1.2 ± 0.6
AL4 C4 0.81 0.80 0.81 1.6 ± 0.2 18% 0.4 1.2 ± 0.1 2.8 ± 0.7
AL5 C5 0.74 0.80 0.77 1.5 ± 0.2 18% 0.4 1.1 ± 0.1 4.2 ± 1.6
AL6 C6 0.72 0.82 0.77 1.5 ± 0.2 18% 0.4 1.1 ± 0.1 5.5 ± 1.4

4.39 4.32 4.36 8.7 0.1 100% 2.2 6.5	±	0.5 - - -
0.73 0.72 0.73 1.5 - 17% 0.4 1.1 - - -

Notes:

3	-	Calculated	by	subtracting	the	per-event	displacement	estimate	from	the	estimate	for	vertical	displacement	on	primary	fault	zone.
4	-	Uncertainty	is	assumed	to	be	10%.
5	-	Ages	are	rounded	to	nearest	century,	as	discussed	in	text.

1	-	Colluvial	wedge	thickness	measured	vertically.	Measurements	taken	on	a	single	trench	wall	(e.g.,	above	or	below	bench),	to	avoid	apparent	thickness	changes	where	non-
horizontal	contacts	intersect	the	bench	of	the	trench	exposure.	Areas	where	wedge	thickness	is	accentuated	by	basal	fissure	fill	were	avoided.
2	-	Estimated	by	doubling	the	average	maximum	colluvial	wedge	thickness,	rounded	to	nearest	decimeter.	Uncertainty	is	assumed	to	be	10%.	Uncertainty	for	total	determined	via	
root-mean-squared.	See	text	for	discussion.

AVERAGE:

Earthquake	Age	and	

Uncertainty	(ka)5

TOTAL:

Vertical	
Displacement	on	
Primary	Fault	
Zone	and	

Uncertainty	(m)2

	Per-Event	
Displacement	and	

Uncertainty	(m)4
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Table	4	-	Summary	of	cumulative	vertical	fault	offsets	from	the	Alpine	paleoseismic	trench,	Wasatch	fault,	Alpine,	UT.

Faulted	feature
South	Wall North	Wall

Surface	Offset
ground	surface* 7.0 6.2

Stratigraphic	Throw
basal	contact	of	unit	9 7.3 6.3
basal	contact	of	unit	8 6.4 5.9
basal	contact	of	unit	6** 7.1 not	exposed

Average	for	each	trench	wall	(m) 6.9 6.2
mean	vertical	fault	offset	(m)***

Standard	Deviation	(m)

**	likely	overestimates	fault	offset	because	antithetic	faulting	is	not	accounted	for
***	does	not	include	value	for	unit	6,	see	previous	note

6.5

*	value	of	7.0	m	reflects	a	20	cm	correction	to	account	for	~20	cm	of	colluvial	
wedge	deposition	(unit	C3)	on	hanging	wall	of	southern	trench	wall;	no	
correction	necessary	for	northern	trench	wall

0.5

Cumulative	Vertical	Fault	Offset	(m)
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Table	5	-	Estimates	for	paleoearthquake	recurrence	and	vertical	slip	rates	from	the	Alpine	paleoseismic	trench,	Wasatch	fault,	Alpine,	UT.

Earthquake	
Pair

Number	of	
Earthquake	

Cycles

AL2-AL1 1.1 ± 0.1 1 0.2 ± 0.3 4.4 ± 5.9
Inter-event AL3-AL2 1.2 ± 0.1 1 0.7 ± 0.7 1.7 ± 1.8
Recurrence AL4-AL3 0.8 ± 0.1 1 1.6 ± 1.0 0.5 ± 0.3

AL5-AL4 1.2 ± 0.1 1 1.3 ± 1.7 0.9 ± 1.1
AL6-AL5 1.1 ± 0.1 1 1.4 ± 1.7 0.8 ± 1.0

- 1.1 - 0.1 - - - - - - -

AL3-AL1 2.2 ± 0.2 2 0.5 ± 0.3 2.4 ± 1.4
Mean AL4-AL1 3.0 ± 0.3 3 0.8 ± 0.2 1.2 ± 0.4

Recurrence AL5-AL1 4.2 ± 0.4 4 1.0 ± 0.4 1.1 ± 0.5
AL6-AL1 5.4 ± 0.5 5 1.0 ± 0.3 1.0 ± 0.3

Notes:
1	-	Uncertainty	is	assumed	to	be	10%.
2	-	Rounded	to	nearest	hundred	years,	as	discussed	in	text.

	Per-Event	Displacement	
(or	per-event	pair)	and	

Uncertainty	(m)1

Vertical	Slip	Rate	and	
Uncertainty	(mm/yr)

Time	Interval	and	

Uncertainty	(kyr)2
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Table	6	-	Estimates	for	paleoearthquake	rupture	length	and	magnitude	from	the	Alpine	paleoseismic	trench,	Wasatch	fault,	Alpine,	UT.

Earthquake
Using	Per-Event	

Displacement2
Using	Per-Event	

Displacement3
Using	EQ	

Correlations4
Using	EQ	

Correlation	SRL5
Using		Per-Event	

Displacements6
Using	Per-Event	

Displacements7

AL1 1.1 ± 0.1 21 42 20 6.6 6.6 6.8 0.3 ± 0.1
AL2 1.2 ± 0.1 23 46 60 7.2 6.7 6.8 0.6 ± 0.3
AL3 0.8 ± 0.1 17 32 43 7.0 6.5 6.7 1.2 ± 0.6
AL4 1.2 ± 0.1 23 47 65 7.3 6.7 6.8 2.8 ± 0.7
AL5 1.1 ± 0.1 22 45 60 7.2 6.7 6.8 4.2 ± 1.6
AL6 1.1 ± 0.1 22 45 47 7.1 6.7 6.8 5.5 ± 1.4

6.5	±	0.5 - - - - - - - - -
1.1 - 22 43 49 7.1 6.6 6.8 - -

Notes:
1	-	Uncertainty	is	assumed	to	be	10%.
2	-	Surface	rupture	length	(SRL)	estimated	assuming	per-event	displacement	is	maximum	displacement	(MD)	in	normal	fault	equation	log(MD)=-1.98+1.51*log(SRL)	from	Wells	and	Coppersmith	(1994)
3	-	Surface	rupture	length	(SRL)	estimated	assuming	per-event	displacement	is	average	displacement	(AD)	in	normal	fault	equation	log(AD)=-1.99+1.24*log(SRL)	from	Wells	and	Coppersmith	(1994)
4-	Paleo-ruptures	continued	an	unknown	distance	beyond	the	final	trench	observation,	thus	Surface	Rupture	Lengths	are	minimum	estimates.	See	text	for	details.
5	-	Moment	Magnitude	(Mw)	estimated	in	normal	fault	equation	Mw=4.86+1.32*log(SRL),	using	SRL	derived	from	rupture	length	estimates	discussed	in	text.
6	-	Moment	Magnitude	(Mw)	estimated	assuming	per-event	displacement	is	maximum	displacement	(MD)	in	normal	fault	equation	Mw=6.61+0.71*log(MD)	from	Wells	and	Coppersmith	(1994)
7	-	Moment	Magnitude	(Mw)	estimated	assuming	per-event	displacement	is	average	displacement	(AD)	in	normal	fault	equation	Mw=6.78+0.65*log(AD)	from	Wells	and	Coppersmith	(1994)
8	-	Ages	are	rounded	to	nearest	century,	as	discussed	in	text.

Surface	Rupture	Length	(SRL)	Estimates	(km) Earthquake	Moment	Magnitude	(Mw)	Estimates

AVERAGE:

Per-Event	Displacement	

and	Uncertainty	(m)1
Earthquake	Age	and	

Uncertainty	(ka)8

TOTAL:
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 26 

Figure 1 27 

(A) Regional physiographic map of the ~350-km-long Wasatch fault zone (red lines), a 28 

mature normal fault at the eastern margin of the Basin and Range Province (Utah and 29 



Alpine Paleoseismic Trench - Provo Segment, Wasatch Fault 3 

Idaho) that consists of up to 10 structural fault segments (large white text). Segment 30 

boundaries (yellow arrows) are major structural discontinuities (e.g., fault stepover, gap, 31 

or bend) thought to play a role in modulating the extent and segmentation of late 32 

Quaternary earthquake ruptures. Map-view width of discontinuity indicated (white text). 33 

Results from numerous paleoseismic trench investigations (white stars) indicate that the 34 

five central segments (Brigham City to Nephi) are Holocene-active. Upper right inset 35 

shows Quaternary faults and folds (gray lines) across the Basin and Range Province and 36 

Colorado Plateau. Topography (90 m-resolution Shuttle Radar Topography Mission 37 

(SRTM)) was obtained from the U.S. Geological Survey, The National Map (see Data 38 

and Resources Section). Fault traces for the Wasatch fault zone (red) and other 39 

Quaternary faults (black) were obtained from the U.S. Geological Survey Quaternary 40 

Fault and Fold Database (see Data and Resources Section). 41 

 (B) Physiographic map of the Salt Lake City and Provo segments of the central Wasatch 42 

fault zone. Illumination from the east. Topography (10 m-resolution National Elevation 43 

Dataset (NED)) was obtained from the U.S. Geological Survey, The National Map (see 44 

Data and Resources Section). Fault traces along the foot of the Wasatch mountains were 45 

obtained from the U.S. Geological Survey Quaternary Fault and Fold Database (see Data 46 

and Resources Section). Fault traces in Utah Lake are from Dinter (2014). Paleoseismic 47 

sites (white stars): BL–Baileys Lake, PD–Penrose Drive, LCC–Little Cottonwood 48 

Canyon, SFDC–South Fork Dry Creek, CC–Corner Canyon, FC–Fort Canyon, AL–49 

Alpine, AF–American Fork, RC–Rock Canyon, HC–Hobble Creek, MN–Mapleton 50 

North, MS–Mapleton South, WC–Water Canyon, MC–Maple Canyon, SL–Spring Lake, 51 

PC–Picayune Canyon, S–Santaquin 52 
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 53 

Figure 2 54 

Hillshade map of 0.5 m-resolution lidar data at the segment boundary between SLCS and 55 

PS, with fault trace mapping (solid lines) conducted during this study. Illumination from 56 

the east. We identify previously undocumented fault scarp arrays in the Traverse 57 

Mountains and bedrock landslides (dashed lines) just south of Box Elder canyon. Late 58 

Pleistocene Lake Bonneville (‘B’) highstand shoreline (dash-dot line). Trench sites (stars) 59 

as in Figure 1B. 60 

 61 

62 
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64 



Alpine Paleoseismic Trench - Provo Segment, Wasatch Fault 6 

Figure 3 65 

(A) Uninterpreted hillshade map of 0.5 m-resolution lidar data along the northernmost 66 

portion of the Provo segment (Wasatch fault). Illumination from the east. 67 

(B) Interpreted neotectonic map showing normal fault traces (thick lines) and several 68 

generations of late Quaternary surficial deposits (thin lines). Mapping modified from 69 

Machette (1992) and Biek (2005). Quaternary unit nomenclature after Machette (1992): 70 

‘gdco’–middle Pleistocene glacial outwash, ‘af4’–middle to late Pleistocene alluvial fan 71 

(pre-Lake Bonneville), ‘af3’–latest Pleistocene alluvial fan (coeval with Lake 72 

Bonneville), ‘afy’–latest Pleistocene to Holocene alluvial fan (post-Lake Bonneville), 73 

‘aly’–latest Pleistocene to Holocene stream alluvium (post-Lake Bonneville) 74 

75 
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Figure 4 77 

(A) Uninterpreted hillshade map of 0.5 m-resolution lidar data at the Alpine trench site. 78 

Illumination from the east. 79 

(B) Interpreted lidar hillshade map of Alpine trench site with normal fault traces (thick 80 

lines). A portion of an inset middle Holocene alluvial fan is preserved on the footwall 81 

(east of) the Wasatch fault (thin lines). Footprint of benched paleoseismic trench 82 

(rectangles) and ground penetrating radar profiles (dashed lines) are shown. 83 

(C) Topographic profile surveyed across fault scarp with real-time kinematic (RTK) GPS 84 

system (see panel B for profile location). Survey conducted before trench excavation. 85 

Survey data points are indicated with small ‘X’s. South wall trench outline and faults 86 

shown (mirrored). 87 

88 
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 89 

 90 

Figure 5 91 

Photomosaics and simplified trench logs for the south wall (A) and north wall (B) of the 92 

Alpine paleoseismic trench (northernmost Provo segment, Wasatch fault). See 93 

Supplemental Figures S1 and S2 for high-resolution photomosaics and detailed trench 94 

logs complete with geochronologic sample locations and unit descriptions. 95 
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 96 

Figure 6 97 

(A) Schematic diagram of the structural and stratigraphic relationships documented in the 98 

Alpine paleoseismic trench and geochronologic results from radiocarbon and optically-99 

stimulated luminescence samples. 100 

(B) OxCal model showing the chronologic ordering of dated stratigraphic units (gray 101 

probability density functions (PDFs) and paleoearthquakes (red PDFs). Model inputs 102 

include calibrated radiocarbon (R_Date) and optically stimulated luminescence (C_Date) 103 

age results. Ages for a discrete stratigraphic unit are grouped into a Phase. Each 104 

paleoearthquake age is modeled (red PDFs) as a Boundary. See Bronk Ramsey (2009) 105 

and Lienkaemper and Bronk Ramsey (2009) for further OxCal modeling details. See 106 

Supplemental Code S1 for this preferred OxCal model. See Supplemental Code S2 for an 107 

alternative OxCal model (not presented here). 108 

 109 
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 110 

 111 

 112 

Figure 7 113 

Calculations for surface offset and stratigraphic throw estimates from the south wall (A) 114 

and north wall (B) of the Alpine paleoseismic trench (northernmost Provo segment, 115 

Wasatch fault). See Figure 5 and Supplemental Figures S1 and S2 for trench log details. 116 

 117 
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INTRODUCTION

The Alpine project site is located near the city of Alpine in Utah County, Utah.  This site
represents an undisturbed fault scarp.  Eighteen soil samples and nine charcoal samples,
collected from a paleoseismic trench opened across the Wasatch Fault, were submitted to
recover and identify material appropriate for AMS radiocarbon age determination.   

METHODS

Macrofloral and Charcoal Identification

The macrofloral samples were floated using a modification of the procedures outlined by
Matthews (1979).  Each sample was added to approximately three gallons of water, then stirred
until a strong vortex formed.  The floating material (light fraction) was poured through a 250-
micron-mesh sieve.  All material that passed through the screen was retained for possible
microcharcoal, particulate soil organics, and/or humate extraction.  Additional water was added
and the process was repeated until all floating material was removed from the sample (a
minimum of five times).  The material that remained in the bottom (heavy fraction) was poured
through a 0.5-mm-mesh screen.  The floated portions were allowed to dry.  The charcoal
samples were water-screened through a 250-micron mesh sieve and allowed to dry prior to
identification.  

The light fractions and dried water-screened charcoal samples were weighed, then
passed through a series of graduated screens (US Standard Sieves with 4-mm, 2-mm, 1-mm,
0.5-mm, and 0.25-mm openings) to separate charcoal debris and to initially sort the remains. 
The contents of each screen then were examined.  Charcoal pieces larger than 2 mm, 1 mm,
0.5 mm, or 0.25 mm in diameter were separated from the rest of the light fraction, and the total
charcoal was weighed.  Charcoal pieces in a representative sample were broken to expose
fresh cross, radial, and tangential sections, then examined under a binocular microscope at a
magnification of 70x and under a Nikon Optiphot 66 microscope at magnifications of 320–800x. 
The weights of each charcoal type within the representative sample were recorded.  The
material that remained in the 4-mm, 2-mm, 1-mm, 0.5-mm, and 0.25-mm sieves was scanned
under a binocular stereo microscope at a magnification of 10x, with some identifications
requiring magnifications of up to 70x.  The material that passed through the 0.25-mm screen
was not examined.  The heavy fractions were scanned at a magnification of 2x for the presence
of botanic remains.  The term "seed" is used to represent seeds, achenes, caryopses, and other
disseminules.  Remains from the light and heavy fractions were recorded as charred and/or
uncharred, whole and/or fragments.

Macrofloral remains, including charcoal, were identified using manuals (Carlquist 2001;
Hoadley 1990; Martin and Barkley 1961; Musil 1963; Schopmeyer 1974) and by comparison
with modern and archaeological references.  Because charcoal and possibly other botanic
remains were to be submitted for radiocarbon dating, clean laboratory conditions were used
during flotation and identification to avoid contamination.  All instruments were washed between
samples, and the samples were protected from contact with modern charcoal.
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DISCUSSION

Sixteen soil samples and five charcoal samples were collected from the south wall of a
paleoseismic trench across an undisturbed fault scarp of the Wasatch Fault near Alpine, Utah. 
In addition, two soil samples and four charcoal samples were collected from the north wall of the
same trench.  The project site is located on a rural, ranch-type private property with local
vegetation consisting of  dense chaparral, bushes including shrubby Gambel oak (Quercus
gambelii), and grasses (Poaceae).  Analysis identifies the most suitable materials for AMS
radiocarbon dating.

Samples from Unit 7 at the footwall side (upthrown block) of the fault are discussed first
(Table 1), followed by samples collected from the lowest units (27, 29) of the hanging wall side
(downthrown block) of the fault, and then up to the samples removed from the top units C6, C5,
C4, C3, and C1 (colluvial wedges).  Values presented for the vertical locations of each sample
are based on information provided in the sample data table and do not match the values
reflected on the trench profiles. 

Unit 7

Four charcoal samples were taken from Unit 7, a silt layer containing gravel.  Three
samples (DC-R13, DC-R10, DC-R12) from the north wall and one sample (DC-R14) from the
south wall of the Alpine trench were analyzed.  Sample DC-R13, collected from near the base of
a silt layer at a depth of 12.6 mad, contained numerous tiny hardwood charcoal fragments 
weighing 0.0073 g, too small for further identification (Tables 2 and 3).  These charcoal
fragments can be submitted for AMS radiocarbon age determination (Table 4); however, a large
number of extremely small charcoal fragments represents more surface area exposed during
chemical pre-treatment, resulting in greater mass loss.

Sample DC-R10 was removed from a silt layer with pockets of gravel at a depth of 12.7
mad.  Tiny charcoal specks embedded in sediment clumps of this sample were carefully
separated from the sediments and cleaned.  Identification was limited due to the small size and
friability of the charcoal pieces.  Unidentifiable and unidentified hardwood charcoal fragments,
weighing 0.0033 g, can be radiocarbon dated.  However, significant mass loss during chemical
pre-treatment can be expected.

Another sample (DC-R12) from Unit 7, collected 2–4 cm below the top of the silt layer at
a depth of 12.8 mad, contained fifteen unidentified hardwood charcoal fragments too small for
further identification.  The weight for these charcoal fragments (0.0003 g) is not sufficient for
AMS radiocarbon dating.

Sample DC-R14, removed 9 cm below the top of the silt layer in the south wall at a
depth of 12.9 mad, did not contain any charred floral remains.
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Unit 27

Charcoal samples DC-R30 (3.2 mad), DC-R32 (3.3 mad), DC-R29 (3.3 mad), and DC-
R4 (3.7 mad) were removed from various parts of Unit 27, a silt layer, in the south wall of the
trench.  Samples DC-R30 and DC-R32 were collected from 5 and 10 cm above the basal
contact, respectively, while sample DC-R29 was removed from the basal contact of silt overlying
a clean pebble bed.  These three samples did not contain any plant remains.  Sample DC-R4,
collected near the base of the silt layer, yielded several unidentifiable charred organic fragments
weighing 0.0009 g.  These charred organics represent the only type of floral remain recovered
in samples from Unit 27, and they may be used for AMS radiocarbon dating.  However, these
charred organic fragments, weighing only 0.0009 g, may not survive the chemical pre-treatment.

Unit 29

One bulk soil sample (DC-R5) from the south wall and one charcoal sample (DC-R7)
from the north wall were removed from Unit 29.  Bulk soil sample DC-R5, collected at a depth of
5.6 mad just below the base of the C6 colluvial wedge, yielded several unidentified hardwood
charcoal fragments too small for further identification and weighing 0.0017 g, and two vitrified
conifer charcoal fragments weighing less than 0.0001 g.  Vitrified charcoal has a shiny, glassy
appearance that can range from still recognizable in structure “to a dense mass, completely
‘molten’ and non-determinable” (Marguerie and Hunot 2007 cited in McParland, et al. 2010). 
Although vitrification of charcoal has been attributed to burning at high temperature and/or
burning green wood, the process of vitrification is not completely understood.  Experimental
studies and reflectance measurements on archaeological charcoal suggest that vitrification can
occur at low temperatures.  McParland et al. (2010) were unable to produce vitrification during
experimental high temperature burning or by burning green wood.  They suggest it is associated
with post-depositional factors.  If any consensus exists concerning vitrification it is that more
studies need to be conducted.  Conifer species usually have a much longer lifespan than
hardwoods.  In addition, the conifer charcoal fragments are too small for radiocarbon dating. For
these reasons the unidentified hardwood charcoal from sample DC-R5, weighing 0.0017 g, is
recommended as the preferred material for radiocarbon dating.

When interpreting radiocarbon dates from non-annuals such as trees and shrubs, it is
important to understand that a radiocarbon date reflects the age of that portion of the tree/shrub
when it stopped exchanging carbon with the atmosphere, not necessarily the date that the
tree/shrub died or was burned.  Trees and shrubs grow bigger each year from the cambium,
where a new layer or ring of cells is added each year.  During photosynthesis, new cells take in
atmospheric carbon dioxide, which includes radiocarbon.  The radiocarbon taken in reflects the
radiocarbon present in the atmosphere during that season of growth.  Once the sapwood in a
tree has been converted into heartwood, the metabolic process stops for that inner wood.  Once
this happens, no new carbon atoms are acquired, and the radiocarbon that is present starts to
decay.  Studies have shown that there is little to no movement of carbon-bearing material from
one ring to another.  As a result, wood from different parts of the tree will yield different
radiocarbon dates.  The outer rings exhibit an age close to the cutting or death date of the tree,
while the inner rings reflect an early stage of growth of the tree.  Because the younger, outer
rings burn off first when a log or branch is burned, it is the older, inner rings that typically are left
remaining in a charcoal assemblage (Puseman, et al. 2009; Taylor 1987).
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Uncharred remains noted in sample DC-R5 include a few insect chitin fragments, a few
roots, numerous rootlets, and moderate quantities of sclerotia.  Sclerotia are commonly called
"carbon balls.”  They are small, black, solid or hollow spheres that can be smooth or lightly
sculpted.  These forms range from 0.5 to 4 mm in size.  Sclerotia are the resting structures of
mycorrhizae fungi, such as Cenococcum graniforme, that have a mutualistic relationship with
tree roots.  Many trees are noted to depend heavily on mycorrhizae and might not be successful
without them.  "The mycelial strands of these fungi grow into the roots and take some of the
sugary compounds produced by the tree during photosynthesis.  However, mycorrhizal fungi
benefit the tree because they take in minerals from the soil, which are then used by the tree"
(Kricher and Morrison 1988:285).  Sclerotia appear to be ubiquitous and are found with
coniferous and deciduous trees including Abies (fir), Juniperus communis (common juniper),
Larix (larch), Picea (spruce), Pinus (pine), Pseudotsuga (Douglas fir), Alnus (alder), Betula
(birch), Populus (poplar, cottonwood, aspen), Quercus (oak), and Salix (willow).  These forms
originally were identified by Dr. Kristiina Vogt, Professor of Ecology in the School of Forestry
and Environmental Studies at Yale University (McWeeney 1989:229-230; Trappe 1962). 
 

Charcoal sample DC-R7 was collected from just below the base of the C6 colluvial
wedge at a depth of 6.1 mad (north wall).  This sample only yielded several tiny unidentified
hardwood charcoal fragments, weighing 0.0006 g.  They are most likely too small for AMS
radiocarbon dating.

Unit C6

Two bulk soil samples, DC-R35 (6.6 mad) and DC-R36 (6.9 mad), were collected from
the C6 colluvial wedge in the south wall of the trench.  In addition, the same C6 colluvial wedge
also was sampled at a depth of 6.3 mad (DC-R31) in the north wall of the trench.  Sample DC-
R35 was collected 25 cm above the basal contact from the middle to lower 1/3 of C6 colluvial
wedge.  The charcoal record for this sample consists of eleven conifer (0.0004 g) and eleven
hardwood fragments (0.0006 g).  Both charcoal types were too small and too vitrified for further
identification.  The charcoal mass was not sufficient for AMS radiocarbon dating.  The presence
of macroscopic charcoal notes the potential for this sample to contain charred microscopic
fragments (microscopic charcoal).  Microscopic charcoal can be extracted from the sediment
that passed through the 250-micron-mesh sieve during the flotation procedure and has been
retained.  Recovery of charred macroscopic remains from geological samples in sufficient mass
for AMS radiocarbon dating is often very limited.  Retention of sediments for possible
microscopic charcoal, particulate soil organics, and/or humate extraction is part of our policy to
provide additional options when sediments yield insufficient mass or lack any macroscopic
charred remains for AMS radiocarbon dating.  Uncharred floral remains including a few roots,
numerous rootlets, and a few sclerotia also were noted in sample DC-R35.

The upper C6 colluvial wedge was sampled (DC-R36) 16 cm below the upper contact. 
This sample, removed from the south wall of the trench, contained ten unidentifiable charcoal
fragments too small and too vitrified for further identification.  Although the weight of these
fragments (0.0002 g) is not sufficient for radiocarbon analysis, the sediments retained during
flotation may be used for extraction of microscopic charcoal.  However, the likelihood of
extracting sufficient or any mass is slim.  Uncharred roots, rootlets, and sclerotia were present
in large quantities.
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Another sample (DC-R31) from the upper C6 colluvial wedge was taken from the north
wall of the trench, 15 cm below the upper contact.  Soil sample DC-R31 yielded six conifer
charcoal fragments (0.0007 g), eleven unidentified hardwood charcoal fragments (0.0007 g),
and four charred parenchymous tissue fragments (0.0005 g).  Parenchyma is the botanical term
for relatively undifferentiated tissue composed of many similar cells with thin primary walls. 
Parenchyma occurs in many different plant tissues in varying amounts, especially large fleshy
organs such as roots and stems, but also in fruits, seeds, cones, periderm (bark), leaves,
needles, etc. (Hather 2000:1; Mauseth 1988).  Charred parenchyma fragments as well as
charcoal fragments from DC-R31 may be combined into one sample (0.0019 g) and submitted
for AMS radiocarbon dating.  In addition, two vitrified plant fragments also were present in this
sample indicating either burned stem or root.  Positive identification was not possible due to the
high level of vitrification.  Root fragments generally are not recommended for AMS radiocarbon
dating, because they may be the result of natural contamination.  Uncharred roots, rootlets, and
sclerotia also were noted in the sample.

Unit C5

Bulk soil samples DC-R33, DC-R37, and DC-R38 were removed from the C5 colluvial
wedge at depths of 6.5 mad, 7.2 mad, and 7.5 mad, respectively.  Soil sample DC-R33,
collected from the basal C5 colluvial wedge (adjacent to buried free face), contained fourteen
unidentified hardwood charcoal fragments.  These fragments, weighing 0.0025 g, may be
submitted for AMS radiocarbon dating.  Uncharred floral remains noted in this sample include
periderm (bark) fragments, roots, rootlets, and sclerotia.  Few uncharred insect chitin fragments
also were present in sample DC-R33.

Soil from 18 cm above the basal contact (sample DC-R37) yielded six unidentifiable
charcoal fragments, weighing only 0.0001 g.  Similarly, sample DC-R38, removed from 20 cm
below the upper contact, produced a single unidentifiable charcoal fragment weighing 0.0002 g. 
The charcoal mass from these two samples is not sufficient for AMS radiocarbon dating. 
Sediments retained for both DC-R37 and DC-R38 may or may not contain microscopic charcoal
that can be recovered.

Both samples, DC-R37 and DC-R38, also yielded uncharred roots, rootlets, and
sclerotia.  In addition, sample DC-R38 contained uncharred, depressed-shaped snail shells and
numerous worm castings, reflecting snail and worm activity.

Unit C4

Two bulk soil samples (DC-R39 and DC-R16) collected from the south wall and one soil
sample (DC-R26) recovered from the north wall of the trench were all removed from Unit C4, a
colluvial wedge.  Sample DC-R39 (7.7 mad), collected from 15 cm above the basal contact,
contained forty unidentified hardwood charcoal fragments weighing 0.0014 g.  These fragments
can be radiocarbon dated; however, significant mass loss is expected during the chemical pre-
treatment.  Uncharred remains including a moderate quantity of roots, numerous rootlets, a few
sclerotia, a few uncharred snail shells with a depressed shape, and a few uncharred insect
fragments also were present in the sample.
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Three charred monocot/herbaceous dicot stem fragments (less than 0.0001 g), twenty-
six small unidentified hardwood charcoal fragments (0.0021 g), and fourteen tiny and vitrified
unidentifiable charcoal fragments (0.0007 g) were recovered in sample DC-R26 (8.1 mad). 
Unidentified hardwood charcoal fragments were recovered in sufficient weight for AMS
radiocarbon dating.  These fragments may be combined with the unidentifiable charcoal
fragments to increase the chance of successful chemical pre-treatment.  In addition, uncharred
floral remains (roots, rootlets, and sclerotia) as well as few uncharred snail shells were present
in sample DC-R26. 

Soil sample DC-R16 (8.3 mad), collected from the upper portion of the C4 colluvial
wedge 15–25 cm below the flag, yielded seven charred monocot/herbaceous dicot stem
fragments weighing 0.0004 g.  Although the charred stem fragments are ideal, the mass is not
sufficient for AMS radiocarbon dating.  The charcoal record for this sample included a number
of tiny charcoal pieces, including unidentified hardwood (0.0028 g) and unidentifiable (0.0021 g)
fragments.  The hardwood charcoal fragments are recommended for AMS radiocarbon dating,
while the unidentifiable charcoal fragments may be submitted as a replacement, in case the
hardwood charcoal dissolves during chemical pre-treatment.  Uncharred roots, rootlets, and
sclerotia represent other floral remains noted in the sample.  One uncharred bone fragment and
a few uncharred snail shell fragments suggest animal and snail activity in this layer.

Unit C3

Bulk soil samples DC-R17 (8.5 mad) and DC-R18 (9.0 mad), were collected from the C3
colluvial wedge in the south wall of the trench.  Sample DC-R17 was removed from 15 cm
above the basal contact and yielded eighteen charred monocot or herbaceous dicot stem
fragments (0.0005 g), two conifer charcoal fragments (0.0003 g), twelve unidentified hardwood
charcoal fragments (0.0013 g), and seventeen vitrified unidentifiable charcoal fragments
(0.0008 g).  The weights of individual charred types recovered in this sample are either
minimally or not sufficient for AMS radiocarbon dating.  All charred remains may be combined
into one sample to provide a larger mass (0.0029 g) to increase the probability that the charred
remains will survive chemical pre-treatment.  Additionally, microscopic charcoal recovery from
retained sediments from this sample might boost the quantity of charred particles for AMS
dating.  However, this option may not be necessary if the combined charcoal fragments survive
chemical pre-treatment.  Uncharred remains including a few roots, numerous rootlets, a few
sclerotia, and a few snail shells also were noted in the sample.

Charred monocot or herbaceous dicot stem fragments in quantities large enough for
AMS radiocarbon age determination (0.0035 g) were recovered in bulk soil sample DC-R18. 
This sample was collected from the upper C3 colluvial wedge, 10 cm below the flag.  In addition
to charred stem fragments, a parenchymous tissue fragment weighing less than 0.0001 g also
was noted in the sample.  The charcoal record consists of several Quercus (0.0065 g) and
unidentified hardwood (0.0036 g) charcoal fragments.  The average lifespan for oaks varies
between 100 and 400 + years.  To avoid dating long-lived trees like oak, charred stem
fragments should be selected for AMS radiocarbon dating.  The oak charcoal could be used as
a replacement if the charred stem fragments dissolve in chemical pre-treatment.  Other floral
remains present in sample DC-R18 include a few uncharred roots, numerous rootlets, and a few
sclerotia.
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Unit C2

Bulk soil samples DC-R20, DC-R21, and DC-R22, collected from the C2 colluvial wedge
at depths of 9.2 mad, 9.5 mad, and 9.7 mad, respectively, were examined for datable charred
floral remains.  Sample DC-R20, taken13 cm above the basal contact in a fan-derived
colluvium, yielded one vitrified conifer (0.0002 g), seven Quercus (0.0011 g), and several small
unidentified hardwood (0.0006 g) charcoal fragments.  The hardwood charcoal fragments may
also reflect oak (Quercus); however, the fragments were too small for positive identification. 
The oak charcoal fragments are recommended for radiocarbon analysis.  The unidentified
hardwood charcoal fragments may be added to the oak charcoal fragments to increase the
mass of charcoal submitted for AMS radiocarbon dating, if desired.  Uncharred roots, rootlets,
and a snail shell with a depressed shape also were noted in the sample.

Various charred floral remains including an herbaceous stem fragment (0.0003 g), two
monocot stem fragments (0.0001 g), nine Quercus charcoal fragments (0.0096 g), several
unidentified hardwood charcoal fragments (0.0027 g), and two unidentified hardwood charcoal
fragments from the pith (0.0003 g) were recovered in sample DC-R21.  The charred stem
fragments are the preferred material for dating; however, even the combined weight for these
charred remains is not sufficient for AMS radiocarbon dating.  Nine oak (Quercus) charcoal
fragments, weighing 0.0096 g, provides sufficient mass for radiocarbon dating.  Uncharred floral
remains present in this sample include a few roots, numerous rootlets, and a few sclerotia.  A
few uncharred insect chitin fragments and a few uncharred snail shells with a depressed shape
also were noted.

The only charred floral remains recovered in soil sample DC-R22 were fifteen tiny
unidentified hardwood charcoal fragments, weighing 0.0005 g.  Although this mass is
insufficient for radiocarbon analysis the recovery of microscopic charcoal may be performed to
increase the weight of charred remains for this sample.  Insect chitin fragments and uncharred
floral remains, including roots, rootlets, and sclerotia were noted in sample DC-R22. 

Unit C1

Unit C1 is the uppermost colluvial wedge from the Alpine trench sampled for macrofloral
analysis.  Three samples were collected from the south wall at depths of 9.9 mad (DC-R24) and
10.1 mad (DC-R23 and DC-R25).  Sample DC-R24, removed 15 cm above the basal contact,
contained nineteen charred monocot stem fragments (0.0016 g) and a charred Nicotiana
attenuata seed (less than 0.0001 g), reflecting local grasses or other monocotyledon plants and
a coyote tobacco plant that burned in a natural fire.  The charcoal record includes Asteraceae
(0.0006 g), Quercus (0.0021 g), and unidentified hardwood (0.0008 g), reflecting burned wood
from a member of the sunflower family, oak, and possibly other hardwood plant taxa.  The
charred monocot stem fragments may be radiocarbon dated.  The Asteraceae (0.0006 g)
charcoal fragments may be held for use as the first replacement and the Quercus (0.0021 g)
charcoal fragments may be considered as the second replacement.  The sunflower family
(Asteraceae) is the largest family of dicots, including mature shrubby species with relatively
short lifespans of 30–50 years, and shrubby Artemisia tridentata (big sagebrush), which lives for
a maximum of 300 years.  Uncharred remains present in the sample include a few roots,
numerous rootlets, a few sclerotia, a few insect chitin fragments and puparia, and moderate
quantities of depressed-shaped snail shells and snail shell fragments.



8

Charred floral remains recovered in macrofloral sample DC-R23, include three monocot
stem fragments (less than 0.0001 g), three parenchymous tissue fragments (0.0004 g), two
conifer charcoal fragments (less than 0.0001 g), and twenty-three unidentified hardwood
charcoal fragments (0.0005 g).  None of these types yielded sufficient mass for AMS
radiocarbon age determination.  Extraction of the microscopic charcoal from retained sediments
that passed through the 250-micron-mesh sieve might provide a sufficient mass for radiocarbon
analysis.  One uncharred Trifolium (clover) seed, moderate roots, numerous rootlets, one
sclerotia, few insect chitin fragments, moderate insect puparia, and few snail shells also were
noted in sample DC-R23.

Macrofloral sample DC-R25, collected 25 cm above the basal contact in the C1
colluvium wedge, yielded five charred monocot stem fragments (0.0004 g) too small for AMS
radiocarbon dating.  Probable Quercus (oak) charcoal fragments also recovered in this sample,
weighing 0.0038 g, may be radiocarbon dated.  Thirteen unidentified hardwood charcoal
fragments (0.0011 g) and a single unidentifiable charcoal fragment (0.0007 g) also were present
in the sample and may be used as a replacement sample if the charred monocot stem
fragments dissolve in chemical pre-treatment.  Uncharred floral remains include a few roots, 
numerous rootlets, and numerous sclerotia.  Insect activity is documented by the presence of
uncharred insect chitin fragments and puparia.

SUMMARY AND CONCLUSIONS

Examination of eighteen bulk soil samples and nine charcoal samples from a
paleoseismic trench across the Wasatch Fault near Alpine, Utah, resulted in recovery of
charcoal and other charred botanic remains in sufficient quantities for AMS radiocarbon age
determination from fourteen samples.

The charred floral remains, recovered only in samples removed from colluvial wedge
units, include stem fragments (DC-R25, DC-R23, DC-R24, DC-R21, DC-R18, DC-R17, DC-R16,
and DC-R26) from short-lived monocots (grasses/sedges) and herbaceous dicot plants (Table
4).  Charred stem fragments recovered from samples DC-R24 and DC-R18 are large enough for
AMS radiocarbon dating.  Two very vitrified fragments from sample DC-R31 also might
represent a stem fragment; however it is possible they reflect burned roots.  In addition,  charred
parenchymous tissue fragments (DC-R18, DC-R23, and DC-R31) and a charred coyote tobacco
seed from sample DC-R24, all recovered from colluvial wedge deposits, are too small to be
radiocarbon dated.

The charcoal fragments were larger and more frequent in samples recovered from
colluvial wedges.  Additionally, a decrease in quantities and size of charcoal pieces was
observed within the colluvial wedge samples from the top (C1) to the bottom (C6) units. 
Identification to species was limited due to the extremely small size of the charcoal fragments in
many samples.

Charcoal from oaks (Quercus), members of the sunflower family (Asteraceae), and
probably other unknown hardwood shrubs and trees, and unknown conifers recovered in the
colluvial wedge samples represent woody vegetation that grew in the study area.  From these
wood types the shortest average lifespan is expected for the members of the sunflower family
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(30–50 years).  However, the Asteraceae charcoal, recovered only in sample DC-R24, is
probably too small for radiocarbon dating.  Oak charcoal fragments are recommended for AMS
radiocarbon dating from samples DC-R25, DC-R21, and DC-R20.  They can also be used as 
replacements if the charred stem fragments from samples DC-R24 and DC-R18 dissolve in the 
chemical pre-treatment process.  

Some of the unidentified hardwood charcoal fragments also may reflect oak wood;
however, they were too small for further identification.  Hardwood charcoal fragments from
samples DC-R17 (Unit C3), DC-R16 (Unit C4), DC-R26 (Unit 4), DC-R39 (Unit C4), DC-R33
(Unit C5), DC-R5 (Unit 29), and DC-R13 (Unit 7) are present in sufficient quantities and
represent the best available charcoal for AMS radiocarbon dating.  Unidentified hardwood
charcoal fragments from samples DC-R25, DC-R21, and DC-R18 may be used as back-ups for
oak charcoal and charred stems, respectively.  Insufficient quantities of hardwood charcoal
fragments were recovered in samples DC-R23, DC-R24, DC-R22, DC-R20, DC-R31, DC-R35,
DC-R7, and DC-R12.

Unidentifiable charcoal fragments represent charcoal too small and/or too vitrified to
even distinguish between hardwood and conifer wood.  Combined hardwood and unidentifiable
charcoal fragments from sample DC-R10 are recommended for AMS radiocarbon dating. 
Unidentifiable charcoal fragments from samples DC-R25 and DC-R16 may be used as 
replacement samples for probable oak and unidentified hardwood charcoal fragments,
respectively.  Unidentifiable charcoal fragments noted in samples DC-R17, DC-R26, DC-R38,
DC-R37, and DC-R36 did not yield enough mass for dating.

Tiny conifer charcoal pieces were present in samples DC-R23, DC-R20, DC-R31, DC-
R35, and DC-R5.  However, these fragments are too small for AMS radiocarbon dating. 

Sample DC-R4, removed from Unit 27, yielded several charred unidentified organic
fragments weighing 0.0009 g.  These remains are the only charred organics present in this
sample, and they are minimally sufficient for AMS radiocarbon dating.  Other samples from Unit
27 (DC-R29, DC-R32, and DC-R30) and sample DC-R14 from Unit 7 did not yield any charred
remains.

Sediments that passed through the 250-micron-mesh sieve during flotation were
retained.  These sediments may be used to recover charred microscopic charcoal, particulate
soil organics, or humates from samples that did not yield enough charred macroscopic remains
for AMS radiocarbon dating.  Microscopic charcoal extraction may result in recovery of charred
microscopic material in adequate quantities for AMS radiocarbon age determination.  In
addition, the final steps of microcharcoal recovery are identical to the acid and base processing
of the standard chemical pre-treatment, producing a sample that is ready for combustion,
followed by graphitization.  
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TABLE 1
PROVENIENCE FOR SAMPLES FROM ALPINE, UTAH COUNTY, UTAH

Sample
No.

Wall Unit Vertical
location
(mad)*

Provenience/Description
Analysis

DC-R25 South C1 10.1 Sample collected from middle C1 colluvial
wedge, 25 cm above basal contact in a dark
brown silt matrix with parallel sloping pebbles

Macrofloral

DC-R23 10.1 Sample collected from lower C1 colluvial
wedge, 20 cm above basal contact

Macrofloral

DC-R24 9.9 Sample collected from lower C1 colluvial
wedge, 15 cm above basal contact in a dark
brown silt matrix with parallel sloping pebbles

Macrofloral

DC-R22 C2 9.7 Sample collected from upper C2 colluvial
wedge, 7–10 cm bellow upper contact

Macrofloral

DC-R21 9.5 Sample collected from upper C2 colluvial
wedge, 5-8 cm below upper contact in brown
silty soil

Macrofloral

DC-R20 9.2 Sample collected from basal C2 colluvial
wedge, 13 cm above basal contact in fan-
derived medium brown cobbly/silty colluvium 

Macrofloral

DC-R18 C3 9.0 Sample collected from upper C3 colluvial
wedge, 10 cm below flag in a dark brown,
sandy/silty soil

Macrofloral

DC-R17 8.5 Sample collected from lower C3 colluvial
wedge, 15 cm above basal contact in a dark
brown, pebbly/sandy silt 

Macrofloral

DC-R16 C4 8.3 Sample collected from upper portion of C4
colluvial wedge, 15-25 cm below flag in a dark
brown, pebbly/sandy silt

Macrofloral

DC-R26 North 8.1 Sample collected from top of C4 colluvial
wedge, 5–10 cm below orange/black flags

Macrofloral

DC-R39 South 7.7 Sample collected from lower C4 colluvial
wedge, 15 cm above basal contact

Macrofloral

DC-R38 C5 7.5 Sample collected from upper C5 colluvial
wedge, 20 cm below upper contact

Macrofloral

DC-R37 7.2 Sample collected from lower C5 colluvial
wedge, 18 cm above basal contact

Macrofloral

DC-R33 South 6.5 Sample collected from basal C5 colluvial
wedge, adjacent to buried free face

Macrofloral



TABLE 1 (Continued)

Sample
No.

Wall Unit Vertical
location
(mad)*

Provenience/Description
Analysis
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DC-R36 South C6 6.9 Sample collected from upper C6 colluvial
wedge, 16 cm below upper contact

Macrofloral

DC-R31 North 6.3 Sample collected from upper C6 colluvial
wedge, 15 cm below upper contact

Macrofloral

DC-R35 South 6.6 Sample collected from middle to lower 1/3 of
C6 colluvial wedge, 25 cm above basal
contact, in a pebbly/silty area of disorganized
colluvium

Macrofloral

DC-R7 North 29 6.1 Sample collected from just below base of C6
colluvial wedge, from 2-3 cm thick soil formed
on 5-8 cm thick tan silt bed, overlying gravelly
bed

Charcoal ID

DC-R5 South 5.6 Sample collected from just below the base of
C6 colluvial wedge in poorly stratified
pebbly/cobbly fan deposits

Macrofloral

DC-R4 27 3.7 Sample collected from near base of silt layer Charcoal ID

DC-R29 3.3 Sample collected from basal contact of silt
overlying clean pebble bed

Charcoal ID

DC-R32 Sample collected from 10 cm above basal
contact in silt layer

Charcoal ID

DC-R30 3.2 Sample collected from 5 cm above basal
contact in silt layer

Charcoal ID

DC-R14 7 12.9 Sample collected from silt layer containing
gravels, 9 cm below top of silt

Charcoal ID

DC-R12 North 12.8 Sample collected from top of silt layer, 2-4 cm
below top of silt

Charcoal ID

DC-R10 12.7 Sample collected from silt layer with pockets
of gravel

Charcoal ID

DC-R13 12.6 Sample collected from near base of silt layer,
3 cm above base in silty/sandy bed with some
lamination

Charcoal ID

* = Vertical location matches depths provided on the sample table, but do not match depths presented on
the trench profiles. 
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TABLE 2
MACROFLORAL REMAINS FROM ALPINE, UTAH COUNTY, UTAH

Sample   Charred  Uncharred Weights/

No. Identification Part   W   F   W   F Comments

DC-R25 Liters Floated 1.00 L

Unit C1 Light Fraction Weight 1.903 g

10.1 mad FLORAL REMAINS:

Monocot Stem 5 0.0004 g

Roots X Few

Rootlets X Numerous

Sclerotia X X Numerous

CHARCOAL/WOOD:

Total charcoal > 0.5 mm 0.0056 g

cf. Quercus Charcoal 4 0.0038 g

Unidentified hardwood - small Charcoal 13 0.0011 g

Unidentifiable - small, vitrified Charcoal 1 0.0007 g

NON-FLORAL REMAINS:

Insect Chitin X Few

Insect Puparia X X Moderate

Rock/Sand X Moderate

DC-R23 Liters Floated 0.90 L

Unit C1 Light Fraction Weight 1.959 g

10.1 mad FLORAL REMAINS:

Monocot Stem 3 < 0.0001 g

Parenchymous tissue 3 0.0004 g

Trifolium Seed 1

Roots X Moderate

Rootlets X Numerous

Sclerotia 1

CHARCOAL/WOOD:

Total charcoal > 0.25 mm 0.0005 g

Conifer Charcoal 2 < 0.0001 g

Unidentified hardwood - small Charcoal 23 0.0005 g

NON-FLORAL REMAINS:

Insect Chitin X Few

Insect Puparia X X Moderate

Rock/Sand X Moderate

Snail shell - depressed 2 1



TABLE 2 (Continued)

Sample   Charred  Uncharred Weights/

No. Identification Part   W   F   W   F Comments
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DC-R24 Liters Floated 1.10 L

Unit C1 Light Fraction Weight 1.347 g

9.9 mad FLORAL REMAINS:

Monocot Stem 19 0.0016 g

Nicotiana attenuata Seed 1 < 0.0001 g

Roots X Few

Rootlets X Numerous

Sclerotia X X Few

CHARCOAL/WOOD:

Total charcoal > 0.5 mm 0.0035 g

Asteraceae Charcoal 2 0.0006 g

Quercus Charcoal 7 0.0021 g

Unidentified hardwood - small Charcoal 10 0.0008 g

NON-FLORAL REMAINS:

Insect Chitin X Few

Insect Puparia X X Few

Rock/Sand X Moderate

Snail shell - depressed X X Moderate

DC-R22 Liters Floated 0.40 L

Unit C2 Light Fraction Weight 1.262 g

9.7 mad FLORAL REMAINS:

Roots X Few

Rootlets X Numerous

Sclerotia X Few

CHARCOAL/WOOD:

Total charcoal > 0.25 mm 0.0005 g

Unidentified hardwood - small Charcoal 15 0.0005 g

NON-FLORAL REMAINS:

Insect Chitin X Few

Rock/Sand X Moderate
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Sample   Charred  Uncharred Weights/

No. Identification Part   W   F   W   F Comments
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DC-R21 Liters Floated 1.00 L

Unit C2 Light Fraction Weight 1.647 g

9.5 mad FLORAL REMAINS:

Herbaceous dicot Stem 1 0.0003 g

Monocot Stem 2 0.0001 g

Roots X Few

Rootlets X

Sclerotia X X

CHARCOAL/WOOD:

Total charcoal > 0.5 mm 0.0126 g

Quercus Charcoal 9 0.0096 g

Unidentified hardwood - small Charcoal 28 0.0027 g

Unidentified hardwood, central pith Charcoal 2 0.0003 g

NON-FLORAL REMAINS:

Insect Chitin X Few

Rock/Sand X Moderate

Snail shell - depressed X X Few

DC-R20 Liters Floated 1.00 L

Unit C2 Light Fraction Weight 1.650 g

9.2 mad FLORAL REMAINS:

Roots X Few

Rootlets X Numerous

CHARCOAL/WOOD:

Total charcoal > 0.25 mm 0.0019 g

Conifer - vitrified Charcoal 1 0.0002 g

Quercus Charcoal 7 0.0011 g

Unidentified hardwood - small Charcoal 11 0.0006 g

NON-FLORAL REMAINS:

Rock/Sand X Moderate

Snail shell - depressed X X Few
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DC-R18 Liters Floated 1.00 L

Unit C3 Light Fraction Weight 2.410 g

9.0 mad FLORAL REMAINS:

Monocot/Herbaceous dicot Stem 16 0.0035 g

Parenchymous tissue 1 < 0.0001 g

Roots X Few

Rootlets X Numerous

Sclerotia X X Few

CHARCOAL/WOOD:

Total charcoal > 0.5 mm 0.0101 g

Quercus Charcoal 21 0.0065 g

Unidentified hardwood - small Charcoal 35 0.0036 g

NON-FLORAL REMAINS:

Rock/Sand X Few

DC-R17 Liters Floated 0.90 L

Unit C3 Light Fraction Weight 2.103 g

8.5 mad FLORAL REMAINS:

Monocot/Herbaceous dicot Stem 18 0.0005 g

Roots X Few

Rootlets X Numerous

Sclerotia X X Few

CHARCOAL/WOOD:

Total charcoal > 0.25 mm 0.0024 g

Conifer Charcoal 2 0.0003 g

Unidentified hardwood - small Charcoal 12 0.0013 g

Unidentifiable - small, vitrified Charcoal 17 0.0008 g

NON-FLORAL REMAINS:

Rock/Sand X Moderate

Snail shell - depressed X X Few
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DC-R16 Liters Floated 0.80 L

Unit C4 Light Fraction Weight 1.682 g

8.3 mad FLORAL REMAINS:

Monocot/Herbaceous dicot Stem 7 0.0004 g

Roots X Few

Rootlets X Numerous

Sclerotia X X Few

CHARCOAL/WOOD:

Total charcoal > 0.25 mm 0.0049 g

Unidentified hardwood - small
vitrified

Charcoal 32 0.0028 g

Unidentifiable - small, vitrified Charcoal 33 0.0021 g

NON-FLORAL REMAINS:

Bone 1 0.0039 g

Rock/Sand X Moderate

Snail shell - depressed X X Few

DC-R26 Liters Floated 1.10 L

Unit C4 Light Fraction Weight 1.806 g

8.1 mad FLORAL REMAINS:

Monocot/Herbaceous dicot Stem 3 < 0.0001 g

Roots X Few

Rootlets X Moderate

Sclerotia X X Few

CHARCOAL/WOOD:

Total charcoal > 0.25 mm 0.0028 g

Unidentified hardwood - small Charcoal 26 0.0021 g

Unidentifiable - small, vitrified Charcoal 14 0.0007 g

NON-FLORAL REMAINS:

Rock/Sand X Moderate

Snail shell - depressed X X Few
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DC-R39 Liters Floated 1.00 L

Unit C4 Light Fraction Weight 2.022 g

7.7 mad FLORAL REMAINS:

Roots X Moderate

Rootlets X Numerous

Sclerotia X X Few

CHARCOAL/WOOD:

Total charcoal > 0.25 mm 0.0014 g

Unidentified hardwood - small 40 0.0014 g

NON-FLORAL REMAINS:

Insect Chitin X Few

Rock/Sand X Moderate

Snail shell - depressed X X Few

DC-R38 Liters Floated 1.10 L

Unit C5 Light Fraction Weight 4.203 g

7.5 mad FLORAL REMAINS:

Periderm (Bark) X Numerous

Roots X Few

Rootlets X Numerous

Sclerotia X X Few

CHARCOAL/WOOD:

Total charcoal > 0.25 mm 0.0002 g

Unidentifiable - small, vitrified Charcoal 1 0.0002 g

NON-FLORAL REMAINS:

Rock/Sand X Moderate

Snail shell - depressed X X Few

Worm castings X X Numerous

DC-R37 Liters Floated 1.10 L

Unit C5 Light Fraction Weight 2.006 g

7.2 mad FLORAL REMAINS:

Roots X Moderate

Rootlets X Numerous

Sclerotia X X Moderate
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DC-R37 CHARCOAL/WOOD:

Unit C5 Total charcoal > 0.25 mm 0.0001 g

7.2 mad Unidentifiable - small, vitrified Charcoal 6 0.0001 g

NON-FLORAL REMAINS:

Rock/Sand X Moderate

DC-R33 Liters Floated 1.10 L

Unit C5 Light Fraction Weight 5.575 g

6.5 mad FLORAL REMAINS:

Periderm (Bark) X Moderate

Roots X Few

Rootlets X Numerous

Sclerotia X X Few

CHARCOAL/WOOD:

Total charcoal > 0.25 mm 0.0025 g

Unidentified hardwood - small Charcoal 14 0.0025 g

NON-FLORAL REMAINS:

Insect Chitin X Few

Rock/Sand X Moderate

DC-R36 Liters Floated 1.30 L

Unit C6 Light Fraction Weight 1.525 g

6.9 mad FLORAL REMAINS:

Roots X Moderate

Rootlets X Numerous

Sclerotia X X Moderate

CHARCOAL/WOOD:

Total charcoal > 0.25 mm 0.0002 g

Unidentifiable - small, vitrified Charcoal 10 0.0002 g

NON-FLORAL REMAINS:

Rock/Sand X Numerous

DC-R31 Liters Floated 1.10 L

Unit C6 Light Fraction Weight 1.385 g

6.3 mad FLORAL REMAINS:

Parenchymous tissue 4 0.0005 g

Unidentified stem/root - vitrified 2 0.0025 g

Roots X Few

Rootlets X Moderate

Sclerotia X X Few
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DC-R31 CHARCOAL/WOOD:

Unit C6 Total charcoal > 0.25 mm 0.0014 g

6.3 mad Conifer Charcoal 6 0.0007 g

Unidentified hardwood - small Charcoal 11 0.0007 g

NON-FLORAL REMAINS:

Rock/Sand X Numerous

DC-R35 Liters Floated 1.60 L

Unit C6 Light Fraction Weight 1.207 g

6.6 mad FLORAL REMAINS:

Roots X Few

Rootlets X Numerous

Sclerotia X X Few

CHARCOAL/WOOD:

Total charcoal > 0.25 mm 0.0010 g

Conifer - vitrified Charcoal 11 0.0004 g

Unidentified hardwood - small,
vitrified

Charcoal 11 0.0006 g

NON-FLORAL REMAINS:

Rock/Sand X Numerous

DC-R7 Volume Water-screened 3.00 ml

Unit 29 Water-screened Sample Weight 2.148 g

6.1 mad CHARCOAL/WOOD:

Total charcoal > 0.25 mm 0.0006 g

Unidentified hardwood - small Charcoal 27 0.0006 g

NON-FLORAL REMAINS:

Rock/Sediment X Few

DC-R5 Liters Floated 1.00 L

Unit 29 Light Fraction Weight 2.082 g

5.6 mad FLORAL REMAINS:

Roots X Few

Rootlets X Numerous

Sclerotia X X Moderate



TABLE 2 (Continued)

Sample   Charred  Uncharred Weights/

No. Identification Part   W   F   W   F Comments

20

DC-R5 CHARCOAL/WOOD:

Unit 29 Total charcoal > 0.25 mm 0.0017 g

5.6 mad Conifer - vitrified Charcoal 2 < 0.0001 g

Unidentified hardwood - small Charcoal 29 0.0017 g

NON-FLORAL REMAINS:

Insect Chitin X Few

Rock/Sand X Moderate

DC-R4 Volume Water-screened 1.00 ml

Unit 27 Water-screened Sample Weight 0.292 g

3.7 mad FLORAL REMAINS:

Unidentified organic material 27 0.0009 g

NON-FLORAL REMAINS:

Sediment X Few

DC-R29 Volume Water-screened 5.00 ml

Unit 27 Water-screened Sample Weight 3.281 g

3.3 mad NON-FLORAL REMAINS:

Rock/Sediment X Few

DC-R32 Volume Water-screened 50.00 ml

Unit 27 Water-screened Sample Weight 11.483 g

3.3 mad NON-FLORAL REMAINS:

Rock/Sediment X Few

DC-R30 Volume Water-screened 2.00 ml

Unit 27 Water-screened Sample Weight 1.159 g

3.2 mad NON-FLORAL REMAINS:

Rock/Sediment X Few

DC-R14 Volume Water-screened < 1.00 ml

Unit 7 Water-screened Sample Weight 0.113 g

12.9 mad NON-FLORAL REMAINS:

Sediment X Few
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DC-R12 Volume Water-screened 1.00 ml

Unit 7 Water-screened Sample Weight 2.231 g

12.8 mad CHARCOAL/WOOD:

Total charcoal < 0.25 mm 0.0003 g

Unidentified hardwood - small Charcoal 15 0.0003 g

NON-FLORAL REMAINS:

Rock/Sediment X Few

DC-R10 Volume Water-screened 2.00 ml

Unit 7 Water-screened Sample Weight 0.869 g

12.7 mad CHARCOAL/WOOD:

Unidentified hardwood and
unidentifiable - small

Charcoal X 0.0033 g

DC-R13 Volume Water-screened 1.50 ml

Unit 7 Water-screened Sample Weight 0.461 g

12.6 mad CHARCOAL/WOOD:

Total charcoal > 0.25 mm 0.0073 g

Unidentified hardwood - small Charcoal X 0.0073 g

NON-FLORAL REMAINS:

Sediment X Few

W = Whole
F = Fragment
X = Presence noted in sample
L = Liter
ml = milliliter
g = grams
mm = millimeters
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TABLE 3
INDEX OF MACROFLORAL REMAINS RECOVERED FROM ALPINE, UTAH COUNTY, UTAH

Scientific Name Common Name

FLORAL REMAINS:

Herbaceous dicot A non-woody member of the Dicotyledonae class of
Angiosperms

Monocot A member of the Monocotyledonae class of
Angiosperms, which include grasses, sedges, lilies,
and palms

Monocot/Herbaceous dicot A member of the Monocotyledonae class of
Angiosperms, which include grasses, sedges,
members of the agave family, lilies, and palms/
A non-woody member of the Dicotyledonae class of
Angiosperms

Nicotiana attenuata Coyote tobacco

Trifolium Clover

Periderm Technical term for bark; Consists of the cork
(phellum) produced by the cork cambium, as well as
any epidermis, cortex, and primary or secondary
phloem exterior to the cork cambium

Parenchymous tissue Relatively undifferentiated tissue composed of many
similar cells with thin primary walls–occurs in different
plant organs in varying amounts, especially large
fleshy organs such as roots and stems, but also
fruits, seeds, cones, periderm (bark), leaves,
needles, etc. 

Sclerotia Resting structures of mycorrhizae fungi

CHARCOAL/WOOD:

Asteraceae Sunflower family

Conifer Cone-bearing, gymnospermous trees and shrubs,
mostly evergreens, including the pine, spruce, fir,
juniper, cedar, yew, hemlock, redwood, and cypress

Quercus Oak

Unidentified hardwood Wood from a broad-leaved flowering tree or shrub

Unidentified hardwood - small Wood from a broad-leaved flowering tree or shrub,
fragments too small for further identification

Unidentified hardwood - vitrified Wood from a broad-leaved flowering tree or shrub, 
exhibiting a shiny, glassy appearance due to fusion
by heat
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CHARCOAL/WOOD (Continued):

Unidentified hardwood - central pith Central pith of small, woody twigs from a broad-
leaved flowering tree or shrub; consists mainly of
parenchyma with no diagnostic elements

Unidentifiable - small Charcoal fragments too small for further identification

Unidentifiable - vitrified Charcoal exhibiting a shiny, glassy appearance due
to fusion by heat

NON-FLORAL REMAINS:

Chitin A natural polymer found in insect and crustacean
exoskeleton

Insect puparium A rigid outer shell made from tough material that
includes chitin (a natural polymer found in insect
exoskeleton and crab shells) and hardens from a
larva's skin to protect the pupa as it develops into an
adult insect

Snail shell - depressed Snail shell with a depressed (flat) shape where the
width is much bigger than the height

Worm castings Worm manure–the end product of the breakdown of
organic matter by earthworms



TABLE 4
SUMMARY OF CHARRED REMAINS FROM ALPINE, UTAH COUNTY, UTAH

Sample No. Wall Unit Charred remains Part Size Weight

DC-R25 C1 Monocot, charred Stem 0.0004 g

cf. Quercus ** Charcoal > 0.5 mm 0.0038 g

Unidentified hardwood - small (BACK UP) Charcoal > 0.5 mm 0.0011 g

Unidentifiable - small, vitrified (BACK UP) Charcoal > 0.5 mm 0.0007 g

DC-R23 Monocot, charred Stem > 0.25 mm < 0.0001 g

Parenchymous tissue, charred > 0.25 mm 0.0004 g

Conifer Charcoal > 0.25 mm < 0.0001 g

Unidentified hardwood - small Charcoal > 0.25 mm 0.0005 g

DC-R24 Monocot, charred** Stem 0.0016 g

Nicotiana attenuata, charred Seed < 0.0001 g

Asteraceae (BACK UP) Charcoal > 0.5 mm 0.0006 g

Quercus (BACK UP) Charcoal > 0.5 mm 0.0021 g

Unidentified hardwood - small Charcoal > 0.5 mm 0.0008 g

DC-R22 C2 Unidentified hardwood - small Charcoal < 0.25 mm 0.0005 g

DC-R21 Herbaceous dicot, charred Stem 0.0003 g

Monocot, charred Stem 0.0001 g

Quercus ** Charcoal > 0.5 mm 0.0096 g

Unidentified hardwood - small (BACK UP) Charcoal > 0.5 mm 0.0027 g

Unidentified hardwood, central pith Charcoal > 0.5 mm 0.0003 g

DC-R20 Conifer - vitrified Charcoal > 0.25 mm 0.0002 g

Quercus** Charcoal > 0.25 mm 0.0011 g

Unidentified hardwood - small Charcoal > 0.5 mm 0.0006 g
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Sample No. Wall Unit Charred remains Part Size Weight
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DC-R18 C3 Monocot/Herbaceous dicot, charred** Stem 0.0035 g

Parenchymous tissue, charred < 0.0001 g

Quercus (BACK UP) Charcoal > 0.5 mm 0.0065 g

Unidentified hardwood - small (BACK UP) Charcoal > 0.5 mm 0.0036 g

DC-R17 Monocot/Herbaceous dicot, charred Stem 0.0005 g

Unidentified hardwood - small** Charcoal > 0.25 mm 0.0013 g

Unidentifiable - small, vitrified Charcoal > 0.25 mm 0.0008 g

DC-R16 C4 Monocot/Herbaceous dicot, charred Stem 0.0004 g

Unidentified hardwood - small** Charcoal > 0.25 mm 0.0028 g

Unidentifiable - small, vitrified (BACK UP) Charcoal > 0.25 mm 0.0021 g

DC-R26 Monocot/Herbaceous dicot, charred Stem > 0.25 mm < 0.0001 g

Unidentified hardwood - small** Charcoal > 0.25 mm 0.0021 g

Unidentifiable - small, vitrified Charcoal > 0.25 mm 0.0007 g

DC-R39 Unidentified hardwood - small** Charcoal > 0.25 mm 0.0014 g

DC-R38 C5 Unidentifiable - small, vitrified Charcoal > 0.25 mm 0.0002 g

DC-R37 Unidentifiable - small, vitrified Charcoal > 0.25 mm 0.0001 g

DC-R33 Unidentified hardwood - small** Charcoal > 0.25 mm 0.0025 g

DC-R36 C6 Unidentifiable - small, vitrified Charcoal > 0.25 mm 0.0002 g

DC-R31 Parenchymous tissue > 0.25 mm 0.0005 g

Unidentified stem/root - vitrified > 0.5 mm 0.0025 g

Conifer Charcoal > 0.25 mm 0.0007 g

Unidentified hardwood - small Charcoal > 0.25 mm 0.0007 g

DC-R35 Conifer - vitrified Charcoal > 0.25 mm 0.0004 g

Unidentified hardwood - small, vitrified Charcoal > 0.25 mm 0.0006 g
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DC-R7 29 Unidentified hardwood - small Charcoal > 0.25 mm 0.0006 g

DC-R5 Conifer - vitrified Charcoal > 0.25 mm < 0.0001 g

Unidentified hardwood - small** Charcoal > 0.25 mm 0.0017 g

DC-R4 27 Unidentified organic material, charred** Charcoal 0.0009 g

DC-R12 7 Unidentified hardwood - small Charcoal > 0.25 mm 0.0003 g

DC-R10 Unidentified hardwood and unidentifiable - small** Charcoal 0.0033 g

DC-R13 Unidentified hardwood - small** Charcoal > 0.25 mm 0.0073 g

g = grams mm = millimeters ** = recommended for AMS radiocarbon age determination
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