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succession studies, notably that soil is formed in situ from the breakdown of rock and that 

physical substrate properties are negligible for plant colonization. We present data from two sites 

of recent effusive volcanism where we argue that soil consists externally-derived sediment and 

show that mature forests have developed where this external soil deposition has occurred.  
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Abstract 13 

Effusive volcanic eruptions repave landscapes rapidly with lava flows, resetting the 14 

underlying landscape and ecosystem. The unique physical properties of lava pose interesting 15 

challenges for recovery, as lava is dense, sterile, and generally inhospitable towards life. In this 16 

study we examine two sites of recent volcanism in the central Oregon Cascades, notable for the 17 

juxtaposition of barren exposed lava and mature forests on the same or similarly old lava flows. 18 

We use a combination of LiDAR analysis, field observations, and soil characterization to 19 

examine soil and vegetation at these two sites, and find that the presence of an external soil 20 

source greatly facilitate plant establishment, growth, and survival. External soil sources appears 21 

to be flood-borne deposits or syn- or post- eruptive tephra. In general, it appears that external soil 22 

provides a substrate for plants to grow in along with key nutrients and sufficient moisture. We 23 

conclude that external soil sources are key for the initial recovery following an effusive volcanic 24 

disturbance, in particular in temperate climates. 25 

 26 
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 30 

Abbreviations 31 

DBH = diameter at breast height 32 

DHC = Douglas-fir – western hemlock – western red cedar forest 33 

LiDAR = Light Detection and Ranging  34 



1. Introduction 35 

Effusive volcanic eruptions repave landscapes rapidly with lava flows, covering large 36 

regions with massive yet highly permeable rock that is inhospitable to life. These disturbances 37 

reset the underlying landscape and ecosystem and pose an interesting challenge for recovery, as 38 

fresh lava is sterile and generally quite hard and dense. However, with time, soil, life, and water 39 

eventually reclaim the new surface. Traditional pedologic treatment of soil formation assumes 40 

that soil is formed in place from the physical and chemical breakdown of rock (e.g., Jenny, 41 

1941), while many plant succession studies examine plant establishment and survival on new 42 

surfaces considering nutrient availability but with little consideration of the physical properties 43 

of the underlying substrate. Here we will challenge both of these approaches in the context of 44 

young lava flows, and will argue that on very young lava flows, most soil is externally derived 45 

and plant colonization occurs predominately in areas with externally derived soil (but not 46 

elsewhere on the lava flow). 47 

Most post-emplacement environmental studies of lava flows focus solely on soil 48 

development processes (e.g., Wells et al., 1985; Chadwick et al., 1999; Rasmussen et al., 2010). 49 

The majority of studies of soil development on lava flows focus on Hawaii due to the abundance 50 

of mapped and dated lava flows that traverse extensive elevation and climatic gradients, which 51 

therefore provide excellent chrono- and climatic sequences (e.g., Chadwick et al., 1999, 2003; 52 

Kurtz et al., 2001; Porder et al., 2007).  Here soil development is positively correlated with age, 53 

and soil development rates increase with increased precipitation and temperature (Chadwick et 54 

al., 2003).  External soil and nutrient sources appear to be important factors in soil formation: 55 

Chadwick et al. (1999) found that Asian loess is an important source of phosphorous and marine 56 

aerosols provide a steady input of calcium, both key soil nutrients.  Overall, Asian loess accounts 57 



for a substantial fraction of Hawaiian soil (up to 25%; Kurtz et al., 2001; Porder et al., 2007). 58 

Elsewhere, loess and debris from nearby trees is a key component of soil at Craters of the Moon 59 

in Idaho, USA (Vaughan and McDaniel, 2009; Vaughan et al., 2011). Although some studies 60 

discount external factors (e.g., Rasmussen et al., 2010), there is growing recognition among soil 61 

scientists that loess and other external soil and nutrient sources play an important role in soil 62 

development on lava flows (e.g., Wells et al., 1985; Chadwick et al., 1999; Vaughan and 63 

McDaniel, 2009; Ferrier et al., 2011; Vaughan et al., 2011). 64 

Although lava is by far the most common substrate in most regions of active volcanism, 65 

there have been many more studies of plant colonization and species succession on explosive 66 

volcanic deposits (e.g., Taylor, 1957; Clarkson, 1990; Whittaker et al., 1992; del Moral and 67 

Wood, 1993; Grishin et al., 1996; Tsuyuzaki and Hase, 2005; Lindig-Cisnerosa et al., 2006; 68 

Marler and del Moral, 2011) than on lava flows (Roach, 1952; Drake, 1992; Drake and Mueller-69 

Dombois, 1993; Kitayama et al., 1995; Aplet et al., 1998; Cutler et al., 2008). Similar to soil 70 

development studies, we note that the vast majority of studies of plant colonization and species 71 

succession on lava flows are also concentrated in Hawaii using similar chrono- and climatic 72 

sequences. These studies relate ecological metrics, such as species diversity, individual species 73 

density, and individual plant characteristics (e.g., diameter at breast height, DBH), to controlling 74 

variables such as substrate age, precipitation, and temperature. Precipitation appears to be the 75 

dominant control on plant community composition (Aplet et al., 1998) and seed availability is 76 

not a limiting factor for plant establishment on lava flows (Drake, 1992). It has also been 77 

recognized that lava flows covered by volcanic ash tend to have bigger trees than lava flows 78 

without (Drake and Mueller-Dombois, 1993; Kitayama et al., 1995). Studies of the processes and 79 

mechanisms that initiate vegetation colonization of lava flows in non-tropical environments are 80 



limited (Bernhardt, 1986; Fridriksson, 1987; Bashan, 2002) and generally consist of an inventory 81 

of plants present on a specific lava flow or flow field. 82 

Numerous studies have examined basaltic landscape weathering rates by analyzing 83 

groundwater and river discharge chemistry (e.g., Louvat and Allègre, 1997; Aiuppa et al., 2000; 84 

Dessert et al., 2003; Das et al., 2005), and by quantifying degree of weathering in both basaltic 85 

clasts of known ages (e.g., Eggleton et al., 1987; Navarre-Sitchler and Brantley, 2007) and 86 

basaltic clasts artificially weathered in laboratory settings (e.g., Oelkers and Gislason, 2001; 87 

Gislason and Oelkers, 2003). As compiled in Navarre-Sitchler and Brantley (2007), inferred 88 

watershed-scale weathering rates of basaltic landscapes range from 4 to 152 ton km
-2

 yr
-1

, and 89 

natural weathering advance rates based on cations range from 0.006 to 362 mm
3
 mm

-2
 ky

-1
. 90 

Available surface area drives overall weathering rates as weathering fronts propagate inwards 91 

(Navarre-Sitchler and Brantley, 2007). These studies investigate the overall rate of basaltic rock 92 

dissolution, which we will argue is a less important factor for soil and plant recovery 93 

immediately following lava flow emplacement. 94 

In this study we will identify and examine the factors contributing to soil development 95 

and plant establishment and survival on very young lava flows in temperate climates. We will 96 

argue that external sediment sources, not in situ weathering, form soil, and that while plants can 97 

grow on bare lava, plant establishment and growth is greatly promoted in places where external 98 

sources have deposited a soil-like substrate on the lava. We will show that disparate process can 99 

deliver soil to lava flows, notably floods and/or debris flows, syn- and post- eruptive explosive 100 

volcanic activity, and aeolian processes. As soil development and associated vegetation are 101 

commonly used as a geologic mapping tool to determine relative ages, understanding factors that 102 



lead to soil development and plant colonization of lava flows will also improve geologic 103 

understanding of landscape evolution. 104 

 105 

2. Study areas 106 

We examined vegetation and soil development at two sites with young lava flows in the 107 

central Oregon Cascades (Fig. 1): the Collier Cone lava flow and the southern Sand Mountain 108 

Volcanic Field (SMVF). These sites were selected due to the availability of high resolution (1 m) 109 

research grade Light Detection and Ranging (LiDAR) data and the apparent difference in 110 

external sediment sources, namely water-transported glacial sediments (Collier), and syn- or 111 

post- lava flow emplacement tephra air fall (SMVF). Both are located within the High Cascades, 112 

a region that has been volcanically active since the Pliocene and features a high density of 113 

Quaternary mafic volcanic centers (Sherrod et al., 2002; Hildreth, 2007). The region was 114 

extensively glaciated during the Pleistocene (Sherrod et al., 2004), and presently the dominate 115 

wind direction is to the east and northeast. The selected sites consist of young post-glacial 116 

Holocene lava flows, and detailed geologic maps and geochemical data are available for both. 117 

Both sites are within the Willamette National Forest, an area that has not been surveyed by the 118 

United States Natural Resources Conservation Service, charged with producing soil maps; as 119 

such no publically available soil map exists either site. We focus on the portion of the study areas 120 

below 1300 m, which generally corresponds to a low land temperate forest typical in the Pacific 121 

Northwest primarily consisting of Pseudotsuga menziesii (Douglas-fir), Tsuga heterophylla 122 

(western hemlock), and Thuja plicata (western red cedar; Franklin and Dyrness, 1992; Kilsgaard, 123 

1999); we refer to this forest community as the DHC forest. In addition to LiDAR analyses, we 124 

conducted field surveys and characterized soil from both sites. 125 



 126 

2.1 Collier Cone lava flow 127 

Collier Cone is located on the north flank of North Sister volcano in the central Oregon 128 

Cascades (Fig. 2). The Collier Cone eruption occurred 1511 (1354 – 1569) cal yr B.P. (Sherrod 129 

et al., 2004) and produced a scoria cone (elevation 2150 m), a tephra blanket to the northeast, 130 

and a ~10 km
2
 lava flow comprising of four units (Schick, 1994; Mckay et al., 2009; Deardorff 131 

and Cashman, in revision; Fig. 2a). The entire eruption probably lasted less than one year 132 

(Deardorff and Cashman, in revision). The lava flows are blocky basaltic andesite to andesite in 133 

composition (Schick, 1994; Deardorff and Cashman, in revision) and emerged from the base of 134 

the scoria cone and traveled westward, traversing the High Cascades. The first lava flow units 135 

emplaced, Units 1 and 2, descended into the White Branch glacial trough; the flow toe of the 136 

furthest traveled Unit 1 is 1250 m lower than the Collier Cone vent to an elevation of 900 m. 137 

Across the majority of the  lava flow, the lava appears fresh with little evidence of physical or 138 

chemical weathering; primary flow features are obvious with few signs of post-emplacement 139 

modifications. 140 

A peculiarity of the Collier Cone lava flow is that despite its young age, a bedrock 141 

channel, the White Branch Creek, has incised into the lower part of the lava flow (Fig. 2a). The 142 

White Branch channel starts at the glacial lake at the terminus of the retreating Collier Glacier 143 

adjacent to Collier Cone. The channel follows the southern margin of the Collier Cone lava flow 144 

until an elevation of ~1500 m, where it migrates onto the flow. The upper portion of the channel 145 

is dry; the White Branch is presently fed by Glacier Creek and snowmelt. Apart from brief 146 

periods of high snowmelt and/or rainfall, no water flows on the surface of the lava flow. 147 

However, reports of catastrophic glacial outburst floods from Collier Glacier in historic and 148 



prehistoric times (O‘Connor et al., 2001) suggest that for brief episodes, the White Branch can 149 

carry a heavy sediment load. Two areas within the Collier Cone lava flow appear to be localized 150 

areas of sediment deposition, as primary lava flow features are absent and the areas are quite 151 

smooth in bare earth (first return) LiDAR derived imagery (Fig. 2b). The higher elevation site 152 

(~1250 m) we informally refer to as the upper flat and is situated within lava flow Unit 2, while 153 

the lower elevation site (~1050 m) we informally refer to as the lower flat and is situated within 154 

lava flow Unit 1. 155 

 156 

2.2 Sand Mountain Volcanic Field 157 

The Sand Mountain Volcanic Field (SMVF) is located roughly 25 km northwest of 158 

Collier Cone between and west of Mount Jefferson and Mount Washington (Fig. 3). It is part of 159 

the upper McKenzie River watershed and borders Clear Lake, the source of the McKenzie River. 160 

The SMVF consists of a chain of cinder cones and associated lava flows and tephra blankets; the 161 

last pulse of activity occurred ~3 ka (Sherrod et al., 2004). The local topography directed lava 162 

flows westwards (downhill), while wind deposited tephra to the northeast (downwind; Mckay et 163 

al., 2009). 164 

We examined three lava flows in the southern SMVF, which we informally refer to as the 165 

Cold Water Cove, Clear Lake South, and Clear Lake East lava flows (Fig. 3), listed from oldest 166 

to youngest based on field relations. These lava flows have distinct chemical compositions and 167 

are distinguishable from each other in hand sample on the basis of the petrographic texture and 168 

the size and concentration of olivine and plagioclase crystals. The Clear Lake South lava flow 169 

dams the McKenzie River to form Clear Lake, and the Clear Lake East lava flow enters Clear 170 

Lake on its eastern shore. Clear Lake is notable for its drowned Douglas-fir forest (Stearns, 171 



1929; Benson, 1965); the outer rings of two of these drowned trees rooted at 40 and 4 m depth 172 

have been 
14

C dated as 3,003 ± 35 cal. yr B.P. (this study) and 2,848 ± 69 cal. yr B.P. (Liccardi 173 

et al., 1999), respectively. Due to the spatial relationship of the lava flows and Clear Lake, it is 174 

likely that the 40 m tree drowned when the Clear Lake South lava flow was emplaced, while the 175 

4 m tree drowned when the Clear Lake East lava flow entered Clear Lake, raising lake levels. A 176 

further age constraint on the younger Clear Lake East lava flow is provided by a 
14

C date of a 177 

charred root found at the base of the flow, dated to 2990 ± 300 uncorr. yr B.P. (Champion, 178 

1980). The Cold Water Cove, Clear Lake South, and Clear Lake East lava flows have 179 

indistinguishable paleomagnetic dates, all at ~3 ka (D. Champion, pers. comm.). In all, age 180 

constraints (see Table 1) indicate that less than a few hundred years separate the Cold Water 181 

Cove and Clear Lake East lava flow, and the Clear Lake South and Clear Lake East lava flows 182 

are likely separated by only a few decades to one or two centuries. 183 

 184 

3. Methodology 185 

3.1 LiDAR analyses 186 

We use 1 m gridded research grade LiDAR data of the Collier Cone region and the 187 

southern SMVF to construct a high resolution canopy map by taking the difference between 188 

unfiltered (i.e., first return) and filtered (i.e., bare earth) elevations. We map the canopy heights 189 

using six classes (bare earth, ≤ 5.0 m, 5.1 – 10.0 m, 10.1 – 20.0 m, 20.1 – 30.0 m, and > 30.0 m). 190 

We examine tree density by quantifying bare earth exposure. We calculate the bare earth 191 

exposure value of each pixel by constructing a window extending 20 m in each cardinal direction 192 

(total window size 41 x 41 m) and tallying the number of data points within the window where 193 

the unfiltered LiDAR value is equal to the filtered LiDAR value. Areas with high exposure 194 



values have sparse vegetation and conversely areas with low exposure values have dense 195 

vegetation. We arbitrarily designated dense, moderate, low, and sparse vegetation density as 196 

pixels with ≤ 10%, 11 – 50%, 51 – 89%, and ≥ 90% bare earth exposure values, respectively. 197 

At Collier Cone, we examine canopy height trends and bare earth exposure to 198 

characterize the forest adjacent to the lava flow along with the forest (or lack of) on different 199 

parts of the lava flow. At the SMVF, we compare canopy height trends and bare earth exposure 200 

at the Cold Water Cove, Clear Lake South, and Clear Lake East lava flow. 201 

 202 

3.2 Fieldwork 203 

We conducted field campaigns at the Collier Cone lava flow and in the SMVF to map 204 

soil depth and characterize soil by hand digging soil pits and describing and sampling soil 205 

horizons. We determined soil depth using an auger (maximum augerable clast size ~ 3 cm), and 206 

used a handheld GPS to locate auger hole and soil pit locations (location error generally < 10 m). 207 

Within soil pits, we identified horizons on the basis of color and textural differences and named 208 

horizons according to layer depth, with ‗a‘ referring to the litter layer, ‗b‘ the horizon 209 

immediately underneath, and so on; sample names do not reflect whether the horizon is an O, A, 210 

B, or C horizon but rather stratigraphic position. 211 

We noted tree species and general observations during fieldwork, although did not 212 

undertake a systematic tree survey. We cored and aged several Douglas-fir trees with ~75 cm 213 

DBH growing on the lower flat of the Collier Cone lava flow using standard dendrochronologic 214 

methods (Phipps, 1985; Grissino-Mayer, 2001). 215 

 216 

3.2.1 Collier Cone lava flow 217 



We conducted a systematic survey of soil depth across both the upper and lower flats of 218 

the Collier Cone lava flow; away from these two areas there is scant or no soil cover on the lava 219 

flow – bare lava is exposed. Where feasible, we augered every 50 to 100 m in a grid pattern. 220 

Where it was unclear that the base of the soil (i.e., the top of the underlying lava flow) was 221 

reached, a ‗>‘ precedes the depth measurement. 222 

We next hand-dug two soil pits in the lower flat. Soil pit NID11-07CC is situated within 223 

20 m of the White Branch at the eastern end of the lower flat just below a notable break in slope. 224 

Time and manpower constraints precluded digging to the base of the soil column. We sampled 225 

each exposed soil horizon, field-sieving samples to obtain the < 2 mm fraction where the horizon 226 

included coarser material. Soil pit NID11-08CC is located in the northwest part of the lower flat 227 

away from the White Branch in a slightly protected area; a lava flow ridge is visible immediately 228 

southwest of the pit. We were able to extend this second pit to the base of the soil column, and 229 

sampled representative soil horizons. 230 

We conducted a pebble count in the White Branch channel connecting the two flats. 231 

Following standard procedures (Wolman, 1954), we randomly selected 100 pebbles, measured 232 

each along their intermediate axis, and categorized each on the basis of rock type and degree of 233 

roundness. 234 

 235 

3.2.2 Sand Mountain Volcanic Field 236 

At the SMVF, we hand-dug soil pits on each of the three studied lava flows; in every case 237 

we reached the base of the soil (i.e., the top of the lava flow) and sampled every horizon below 238 

the litter layer. In this portion of the SMVF, the Cold Water Cove lava flow is the oldest 239 

Holocene flow and it has been covered by subsequent lava flows; it is presently only exposed in 240 



three areas (Fig. 3). We dug soil pits on each of the three Cold Water Cove lava flow exposures, 241 

and dug an additional three soil pits on the Clear Lake South lava flow, one at an isolated 242 

exposure on the eastern side of Clear Lake and two south of Clear Lake; one of the two southern 243 

sites (NID11-15MK) is within a topographically protected area. We dug a final soil pit on the 244 

Clear Lake East lava flow in an peculiar area with considerable fine-grained material; we note 245 

that apart from this area there is no soil cover on the Clear Lake East lava flow. 246 

 247 

3.3 Collier Cone lava flow flats volume estimates 248 

We constructed a 10 m grid depth model of soil on both the upper and lower flats on the 249 

Collier Cone lava flow using the natural neighbor interpolation method in ArcGIS. We estimated 250 

soil volume by integrating the soil depth model and rounding down to the nearest 1000 m
3
. Input 251 

data consisted of (1) auger measurements and (2) soil ―depths‖ of 0 cm spaced on a 10 m grid in 252 

areas of exposed lava both within and surrounding the flats. The natural neighbor method uses 253 

Voronoi polygons to assign a value at a grid point based on area-weighted contribution of the 254 

nearest data points (Sibson, 1981). We selected this method because it (1) effectively deals with 255 

data that are not uniformly distributed, (2) does not create artificial peaks or lows, and (3) assigns 256 

grid values based on the nearest data without having to assign a data input radius. Given that a 257 

considerable fraction of the depth measurement data was an lower estimate of depth, the volume 258 

estimates provide a lower bound for the actual value. 259 

 260 

3.4 Soil characterization 261 

We prepared soil samples according to standard procedure (Burt, 2009). We determined 262 

soil color for both field moist and dried samples using a Munsell soil color chart, and determined 263 



soil texture using the hydrometer method (Burt, 2009). We pre-treated three samples with 264 

hydrogen peroxide to remove organic matter, however, due to concerns that the pre-treatment 265 

would fragment fragile soil particles, we did not pre-treat additional samples. We determined 266 

organic content with loss on ignition (LOI) using standard procedures (Dean, 1974; Heiri et al., 267 

2001). LOI analyses were conducted both at the University of Oregon (Collier Cone samples; 268 

reported values are the average of three measurements) and Washington State University at 269 

Pullman (SMVF samples). 270 

We determined sample chemistry using x-ray fluorescence (XRF); we selected this 271 

method as geochemical data for the Collier Cone lava flow and the SMVF were acquired using 272 

this technique. Additionally, we analyzed two samples of bulk tephra for a known SMVF tephra. 273 

We compared soil sample chemistry to available geochemical data for underlying lava flows. 274 

 275 

4. Results 276 

4.1 LiDAR analyses 277 

The Collier Cone lava flow LiDAR canopy map and bare earth exposure analysis (Figs. 278 

2b and 4a) reveals that the c. 1.5 ka lava flow has shorter trees and less overall vegetation (i.e., 279 

greater bare earth exposure) than its surroundings. This trend is observed in both DHC forest 280 

regions that are the subject of this study and in higher elevation montane forests (not shown). 281 

Notably, ~95% of the adjacent DHC forest consists of dense or moderate vegetation cover 282 

relative to ~51% for the lava flow. The two flats provide notable exceptions to the general trend; 283 

here tree height and vegetation density is similar to the adjacent DHC forest (Fig. 4a). 284 

In the southern SMVF the DHC forest density on the c. 3 ka Cold Water Cove and Clear 285 

Lake South lava flows is similar to a typical DHC forest. While we did not analyze the adjacent 286 



forest due to widespread logging off of Holocene lava flows (visible in Fig. 3b), the forest on 287 

these two lava flows is similar to the adjacent forest at the Collier Cone site, with ~97% (Cold 288 

Water Cove) and ~94% (Clear Lake South) dense and moderate vegetation cover (Figs. 3b and 289 

Fig. 4b). In contrast, trees on the Clear Lake East lava flows are notably shorter and there is 290 

considerably more bare earth exposure, despite an age difference of a few decades to one or two 291 

centuries (Table 1). Interestingly, a linear strip of increased vegetation density is observable in 292 

the center of the Clear Lake East lava flows (Fig. 2b); aerial photographs (not shown) outside the 293 

LiDAR coverage shows that this strip extends towards the vent area. 294 

 295 

4.2 Collier Cone lava flow 296 

Field observations confirm that the forest assemblage on and adjacent to the Collier Cone 297 

lava flow is characteristic of a DHC forest. In general, trees in the upper flat have smaller DBHs 298 

than those in the lower flat. Regions of downed trees, likely related to past windstorms, were 299 

found in places in the upper flat. In the lower flat, numerous trees (generally Douglas-fir) have  300 

DBH > 1 m; the maximum measured DBH was a 2.4 m diameter Douglas-fir tree (Fig. 5b). 301 

Dendrochronological results yield a maximum age close to 300 years for DBH ~75 cm Douglas-302 

fir trees (Table 2). In the lower flat, western red cedar is common near the surface expression of 303 

the White Branch and rare elsewhere. In general, the upper flat is dryer and has less undergrowth 304 

than the lower flat. In both locations, the White Branch Creek has clear surface expression, with 305 

an active channel bed and well-defined banks. Although the creek was dry at the time of the field 306 

campaigns, it carries surface water during times of heavy rain and/or snowmelt. 307 

Auger soil depth measurements of the upper (Fig. 5a) and lower (Fig. 5b) flats reveal that 308 

a considerable amount of material covers the 1.5 ka lava flow, with maximum soil depths of 188 309 



and 318 cm, respectively. Moreover, it is unlikely that the base of the soil (i.e., the lava flow 310 

surface) was reached in numerous sites (indicated with ‗>‘ before depth measurement on Fig. 5); 311 

at these sites the large grain size (gravel or coarser) and unconsolidated nature of the material 312 

made it impossible to auger deeper. Sites near the surface expression of the White Branch were 313 

often more gravelly than those further away. Minimum volume estimates for the material 314 

covering the upper and lower flats based on the auger soil depth measurements are 56,000 and 315 

138,000 m
3
, respectively. 316 

 317 

4.2.1 Soil pit NID11-07CC 318 

Soil pit NID11-07CC (dimensions 102 cm x 80 cm x 50 cm) is located close to the White 319 

Branch at the eastern end of lower flat (Fig. 5b); field data and physical characteristics are 320 

summarized in Tables 3 and 4, respectively. Time and manpower constraints precluded digging 321 

to the surface of the Collier Cone lava flow. In addition to the litter layer (NID11-07CCa), we 322 

excavated four ―soil‖ horizons. Horizons NID11-07CCb and NID11-07CCe are relatively fine-323 

grained with identifiable soil structures and some roots. Interestingly, the top of NID11-07CCe 324 

(88 cm depth) is capped with a thin (< 0.5 cm) light wood-like layer. In contrast, horizons 325 

NID11-07CCc and NID11-07CCd have no roots and by volume are primarily cobbles and 326 

gravels with additional occasional boulders in NID11-07CCd. Horizon NID11-7CCc is matrix-327 

supported, while NID11-07CCd is clast supported; both samples were field-sieved to sample the 328 

≤ 2 mm soil fraction. The soil fraction of all the samples is in the sand textural class. LOI 329 

analyses indicate that every sampled layer has very low (<1.5%) carbon content. 330 

 331 

4.2.2 Soil pit NID11-08CC 332 



Soil pit NID11-08CC is located in the northwest portion of the lower flat away from the 333 

surface exposure of the White Branch (Fig. 5b); field data and physical characteristics are 334 

summarized in Tables 3 and 4, respectively. The pit extended to the top of the Collier lava flow 335 

at a depth of 212 cm. In addition to the litter layer (NID11-08CCa), eighteen ―soil‖ horizons 336 

were excavated. In contrast to soil pit NID11-07CC, soil pit NID11-08CC contained no horizons 337 

containing clasts with diameters exceeding 2 mm. Horizons alternate between coarse- and fine-338 

grained layers (Fig. 6); six representative horizons were sampled. Textural analyses reveal that 339 

the coarse horizons are sand and the fine-grained horizons are silt loam (Table 4). A thin 340 

apparent buried litter layer was excavated at depth of 107 cm. Pit configuration and time 341 

constraints precluded characterizing the lowest portion of the pit (NID11-08CCr), but it appears 342 

to resembled the rest of the pit with alternating layers of coarse and fine particles. LOI analyses 343 

indicate that every sampled layer has very low (<1.5%) carbon content.  344 

 345 

4.2.3 Collier Cone lava flow geochemistry 346 

Major and minor element chemistry of samples from soil pits NID11-07CC and NID11-347 

08CC (Table 5) is the same as typical basaltic andesite to andesite volcanic rocks. Trace element 348 

chemistry (Table 6) reveals trends in compatible and incompatible elements that are typical of 349 

volcanic rocks. Taking error into consideration, major element chemistry (e.g., silica) is similar 350 

to the underlying Collier Cone lava flow (Fig. 7a), while minor element chemistry (e.g., 351 

phosphorous) can be is different. A plot of two incompatible elements (elements that stay in the 352 

melt rather than go into crystals; Fig. 7b) show a similar trend between the soil samples and the 353 

underlying lava flow, although the values are different, with the Collier Cone lava flow having 354 

comparatively lower incompatible element concentrations. 355 



 356 

4.2.3 Pebble count 357 

A pebble count conducted along the (dry) White Branch creek between the upper and 358 

lower flats surveyed 100 randomly selected pebbles (Fig. 8). Compositionally pebbles consist of 359 

oxidized scoria, oxidized and non-oxidized basalt and basaltic andesite lava, andesite, and 360 

obsidian. Intermediate axis lengths range from 1.1 to 9.6 cm with a median of 2.7 cm and the 361 

mode intermediate axis length is between 1.0 and 1.9 cm. Clasts are either subangular or 362 

subrounded. Over a quarter of the pebbles are subrounded basalt and basaltic andesite. All 363 

andesite and rhyolite clasts (5% each of total) are subrounded. 364 

 365 

4.3 Sand Mountain Volcanic Field 366 

Field observations confirm that the forest assemblage on and adjacent to the SMVF is 367 

characteristic of a DHC forest, although here western red cedar trees are uncommon. There are 368 

fewer large trees (DBH > 1 m) on the SMVF than on the upper and lower flats of the Collier 369 

Cone flow. We hand dug a total of seven soil pits on the three examined lava flows (Fig. 3b). 370 

 371 

4.3.1 Clear Lake East lava flow 372 

The Clear Lake East lava flow (youngest southern SMVF lava flow; 2,848 ± 69 cal yr 373 

B.P.) has no soil cover apart from the odd linear feature described in section 3.2.2; this feature is 374 

underlain by Clear Lake East lava and has fine-grained material (―soil‖) that has filled in low 375 

topographic points. The vegetation in this strip is also unusual; in addition to Douglas-fir, there 376 

are undifferentiated grasses that are encountered nowhere else in the SMVF. 377 



Soil pit NID11-12MK (169 cm depth) is at the site of the deepest auger measurement (not 378 

shown) within this strip; Clear Lake East lava is exposed less than 3 meters from the soil pit. 379 

Below the litter layer, soil pit NID11-12MK reveals two tephra layers distinguishable by color 380 

(Table 4 and Fig. 9); the lower one contains notable olivine. Soil textural analysis shows that 381 

these tephra layers can be classified as sand, and the organic content is ~3% (upper tephra) and 382 

~1% (lower tephra). 383 

 384 

4.3.2 Clear Lake South lava flow 385 

The Clear Lake South lava flow (3003 ± 35 cal yr B.P.) hosts a relatively mature DHC 386 

forest. Soil covers the majority of the lava flow, although the flow surface has a rough 387 

topography and bare rock outcrops that are consistent with its young age. It appears that the soil 388 

has accumulated in local topographic lows. The three soil pits (NID11-10MK, NID11-13MK, 389 

NID11-15MK) reveal a single yellowish brown or brown tephra deposit of a sand or loamy sand 390 

textural class and an organic content around ~7% (Table 4). 391 

 392 

4.3.3 Cold Water Cove lava flow 393 

The Cold Water Cove (oldest southern SMVF lava flow; ~3 ka) and Clear Lake South 394 

lava flows are very similar on the basis of forest maturity and assemblage, soil cover and 395 

external appearance but are distinguishable in hand sample and with geochemistry (Deligne et 396 

al., 2010). As with the Clear Lake South lava flow, it appears that the soil on the Cold Water 397 

Cove lava flow infills local topographic lows. Two of the soil pits (NID11-09MK and NID11-398 

11MK) contained two tephra layers of a sand textural class distinguishable by color, while one 399 

soil pit (NID11-14MK) contains only one tephra of a sand textural class. At all three sites, the 400 



top (or sole) tephra is similar in grain size and color to the tephra at the Clear Lake South sites; 401 

the lower tephra is darker and has a greater sand fraction. The organic content is ~5% for the top 402 

(or sole) tephra and ~2% for the lower tephra. 403 

 404 

4.3.4 SMVF soil geochemistry 405 

In hand sample and viewed through a binocular microscope, it is clear that the SMVF 406 

―soil‖ consists of tephra (Fig. 9). The major and minor element chemistry (Table 5; Fig. 10) 407 

show that the tephra is mafic and broadly similar to lava from the SMVF (Fig. 10; Table 7). 408 

However, the soil samples tend to have lower SiO2 contents than the SMVF lava, which is 409 

consistent with observations at other basaltic and basaltic andesite volcanic fields where the 410 

explosive component (tephra) is more mafic than the effusive (lava) component (e.g., Erlund et 411 

al., 2010). Moreover, while individuals SMVF lava flows have quite distinctive chemistry (Fig. 412 

10; Table 7), the soil chemistry is considerably more scattered with regard to major, minor, and 413 

trace elements (Tables 5, 6, and 7). Importantly, the soil chemistry does not overlap with that of 414 

the Clear Lake East (youngest) lava flow, but does broadly overlap with the Clear Lake South 415 

and Cold Water Cove lava flows. 416 

The geochemistry of two bulk tephra samples from a ~1 km
3
 mafic tephra deposit from 417 

Sand Mountain is broadly similar to both the soil samples and the older two lava flows but does 418 

not overlap with any group (Tables 5, 6 and 7; Fig. 10). 419 

 420 

5. Discussion 421 

Both the Collier Cone and SMVF lava flows host relatively mature DHC forests where 422 

soil covers lava flows (Figs. 2 and 3). However, field observations and geochemical analyses 423 



indicate that at neither site is the soil derived directly from in situ weathering of the lava flow. 424 

Rather, at both locations, external processes have deposited soil-like sediment onto the lava 425 

flows. Where this deposition has occurred, the flows host DHC forests that are similar to 426 

surrounding DHC forests. However, the source and mode of sediment deposition appears to be 427 

different for the two sites: at Collier Cone there is evidence that the sediment was transported 428 

onto the lava flow by water (probably as floods or even debris flows), while in the SMVF the 429 

soil consists of tephra that must have been deposited as a fall deposit after the underlying lava 430 

flow was emplaced. Although isolated trees grow on exposed lava at both sites, the lack of a 431 

mature forest in places without soil cover suggests that soil, i.e., an external sediment source, is 432 

critical for widespread plant establishment and survival. 433 

In what follows, we will present evidence for external sediment sources for the soil on the 434 

lava flow(s) at both sites, consider the chronology of sediment deposition and forest development 435 

in both settings, evaluate the suitability of this external soil for hosting DHC forests, and finally 436 

discuss other sites of effusive volcanism where external soil sources appear to be important for 437 

initial plant colonization and survival on lava flows. 438 

 439 

5.1 Floods and the Collier Cone lava flow 440 

Assuming (1) chemical weathering rates similar to those inferred in Hawaii  (10 tons km
-2

 441 

yr
-1

; Dessert et al., 2003) across the entire 10 km
2
 Collier Cone lava flow  and (2) a lava flow 442 

density of 2700 kg/m
3
, in 1500 years ~56,000 m

3
 of lava would have chemically weathered. As 443 

Hawaiian weathering rates are likely greater than those in the Cascades due to increased 444 

precipitation and warmer temperatures, ~56,000 m
3
 is an upper estimate. Even in the unlikely 445 

instance that all the byproducts of weathering from the entire lava flow accumulated at the two 446 



flats, the combined volume of ―soil‖ on the upper and lower flats (138,000 and 56,000 m
3
, 447 

respectively, for a total volume of 194,000 m
3
) is greater than the volume predicted with 448 

Hawaiian weathering rates. However, given that exposed lava across the flow field appears fresh 449 

with no evidence of weathering, particularly at higher elevations, it is likely that negligible 450 

amount of the Collier Cone lava flow has chemically weathered at this stage. 451 

The physical characteristics of the soil further contradict the notion of in situ weathering, 452 

as the majority of the flow has no soil cover and in places where there is soil (the two flats), the 453 

A horizon is a relatively small part of the soil column, with no developed B or E horizons. Near 454 

the White Branch Creek and at the base of a notable break in slope on the eastern margin of the 455 

lower flat, most of the ―soil‖ consists of gravels and some cobbles; away from the White Branch 456 

and slope break, the ―soil‖ consists of well-sorted alternating layers of sand and silt loam (Fig. 457 

6). This alternation of coarse- and fine-grained material is characteristic of flood deposits, while 458 

the gravel and cobbles could be related to debris flow activity. We note that the same event can 459 

generate both flooding and debris flows. The soil chemistry is sufficiently different from that of 460 

the underlying lava to rule out a genetic relationship, although the chemistry indicates a volcanic 461 

soil source. As the site is within the glacially active Three Sisters volcanic area, a region with 462 

considerable amounts of fine-grained glacially ground volcanic material, there are abundant 463 

nearby sediment sources that could have provided sediment to the Collier Cone lava flow flats. 464 

The White Branch Creek is clearly visible in the LiDAR imagery of the upper and lower 465 

flats (Fig. 5). At locations near the White Branch Creek, we did not reach the bottom of the 466 

deposit by augering in either flat. We find that coarser sediments (gravels and larger clasts) are 467 

located near the creek and finer (augerable) sediments are further away from the creek. Although 468 

the location of the White Branch may have changed as sediment was emplaced, the site where 469 



the White Branch enters the lower flat is topographically confined to a < 200 m reach between 470 

two lava flow levees (Fig. 2a). If we assume that floods followed the White Branch, the input 471 

source location of sediment in the lower flat would have been relatively constant over time. 472 

Interestingly, there is a small island of exposed lava in the middle of the lower flat. The area 473 

shielded from the White Branch‘s entry point onto the flat by this local high point contains the 474 

thickest augerable deposits (Fig. 5b) and has no gravel or cobbles. This is in contrast to the 475 

relatively shallow auger depths recorded near the entry point. It seems likely that near the White 476 

Branch entry point onto the lower flat, the depth of the deposit is considerably thicker than 477 

reported but not measureable given the methods employed. Thus, we hypothesis that the low 478 

depth values in the ―soil‖ thickness model in the northeastern part of the lower flat is an artifact 479 

of sampling methods and should be in fact considerably greater. 480 

The alternating layers of coarse- (sand) and fine-grained (silt loam) sediment in soil pit 481 

NID11-08CC (Fig. 6) are indicative of flood deposits, and suggest that more than one flood 482 

event affected the area. If every layer of coarse material (sand) corresponds to a flooding event, 483 

there have been at least seven floods that affected the lower flat (and presumably the upper flat) 484 

in the last 1,500 years. The apparent buried litter layer at the top of the C3 horizon in soil pit 485 

NID11-07CC (88 cm depth) and the A2 or C15 horizon in soil pit NID11-08CC (107 cm depth) 486 

would have required sufficient time to develop vegetation when the surface was ~1 m lower than 487 

it is today. However, none of the Douglas-fir trees that were cored on the lower flat show signs 488 

of disturbance that could be expected with a large floods that carried a lot of sediment. If this 489 

interpretation is correct, this observation would suggest that the all the flooding events occurred 490 

prior to 300 years ago. Moreover, the presence of a DBH 2.4 m Douglas-fir in the lower flat 491 

suggests that conditions have permitted tree colonization and growth for several hundred years. 492 



Given the young age of the Collier Cone lava flow this indicates that a series of flood events 493 

occurred within a few hundred years of the eruption. 494 

The most likely sediment source for the two flats are glacial outburst floods and/or debris 495 

flows originating on the west side of the Three Sisters volcanoes. The Three Sisters volcanoes 496 

collectively host 17 named glaciers, and are thought to have hosted more prior to the onset of 497 

glacial retreat in the last hundred years (O‘Connor et al., 2001). These glaciers form lateral and 498 

terminal moraines, and their meltwater can provide a source of floodwater. An historic outburst 499 

flood in July 1942 in the upper portion of the White Branch creek originated at the moraine-500 

dammed lake at the terminus of Collier Glacier; this flood was caused by a lateral moraine 501 

breach (Hopson, 1960). A second smaller outburst flood originating from the same place 502 

occurred between 1954 and 1956 (O‘Connor et al., 2001). The 1942 event is estimated to have 503 

removed 120,000 m
3
 of moraine material within 300 m of the breach and generated a debris 504 

flow; there is also evidence of downstream incorporation of material into the debris flow 505 

(O‘Connor et al., 2001). The 1942 event followed the margin of the Collier Cone lava flow; the 506 

lowest mapped deposit is at an elevation of 1500 m near the confluence with Glacier Creek 507 

where the White Branch channel jumps onto the Collier Cone lava flow. 508 

The volume of material in the upper and lower flats, and their distance from possible 509 

outburst flood sources, imply that the floods and/or debris flows that lead to the creation of the 510 

two flats were considerably larger than the 1942 event, although the source location may have 511 

been identical. Moreover, the observation that the soil on the alluvial plain appears to be sourced 512 

from basaltic andesite to andesite lava, while the larger clasts are often obsidian suggests that the 513 

flood path went near Obsidian Cliffs, which is located near the terminus of the 1942 debris flow 514 

deposit. As there are no robust pre-historic climate records for the area, at this stage we are 515 



unable to determine what conditions produce these outburst floods. However, we hypothesize 516 

that sufficient warming had to occur to melt glaciers to provide the requisite water for flood 517 

generation. A possible source of such warming is the localized effect of the Collier Cone 518 

eruption itself, although the absense of quench features or hyaloclastite in the vent area 519 

indicative of direct lava – ice contact makes this notion unlikely. 520 

We propose the following model for ―soil‖ development on the lower flat Collier Cone 521 

lava flow, and note that presumably flooding events that affected the lower flat also affected the 522 

upper flat: 523 

1) 1.5 ka: the Collier Cone lava flow was emplaced rapidly (Deardorff and Cashman, in 524 

revision). 525 

2) Between 1.5 and 0.5 ka: 526 

a. One or likely several large meltwater-generated outburst floods from Collier 527 

Glacier transported and deposited enough sediment to create the lower flat (10 528 

km from, and 1100 m lower in elevation than, the current meltwater lake 529 

associated with Collier Glacier). 530 

b. Sufficient plant colonization occurred on the lower flat to form a litter layer. 531 

c. One or likely several more large outburst floods from the same source 532 

transported and deposited an additional 1 m of sediment on the lower flat. 533 

3) Post-major flood activity: mature forests developed on the flats, with slow and 534 

isolated tree establishment and growth away from the flats. 535 

As such, the Collier Cone lava flow showcases the role floods and/or can play in rehabilitating a 536 

landscape following an effusive volcanic eruption: they provide a way to transport ―soil‖ onto a 537 

lava flow, providing a suitable substrate for plant establishment and survival. 538 



 539 

5.2 Importance of tephra as a soil source for the SMVF lava flows 540 

In contrast to the Collier Cone site, there is no surface water activity on the SMVF; 541 

instead water moves as groundwater through this highly permeable region (Stearns, 1929; 542 

Jefferson et al., 2006). The southern SMVF lava flows were all emplaced within a few decades 543 

to one or two centuries of each other c. 3 ka, yet the stratigraphically older lava flows have soil 544 

and host mature DHC forests while the youngest lava flow is comparatively barren and has little 545 

vegetation apart from an odd vegetation strip extending from the vent area. In the SMVF ―soil‖ 546 

is deposited as tephra fall deposits, thus providing an interesting case study of the role of 547 

eruption chronology on soil development and plant colonization of lava flows. 548 

A general model for mafic volcanic eruptions is that they initiate with explosive activity, 549 

and that once the magma is degassed effusive activity dominates (e.g., Luhr and Simkin, 1993). 550 

Explosive activity covers the landscape with tephra. Where soil on lava flows consists of tephra, 551 

the tephra source is likely local. This is particularly true in the case of the SMVF, where lava 552 

flows are located upwind of major tephra sources. As such, the local eruption chronology could 553 

be key for the subsequent plant colonization. Importantly, in areas of repeat volcanism, both 554 

wind direction and the order of explosive and effusive activity may dictate where plant 555 

colonization occurs on lava flows, with colonization occurring predominately on earlier units 556 

that have been covered with tephra from subsequent activity. 557 

 558 

5.2.1 Soil on the Cold Water Cove and Clear Lake South lava flows 559 

Lava flows of the southern SMVF cover the area west of the vent system, while SMVF 560 

tephra blankets cover a wide region northeast of the vent system. The largest explosive unit of 561 



the SMVF is the Sand Mountain tephra, with an estimated volume of ~1 km
3
 (Mckay et al., 562 

2009); the Sand Mountain vent appears to be associated with a lava flow emplaced during the 563 

time that separated the emplacement of Clear Lake South and Clear Lake East lava flows 564 

(Deligne et al., 2010). 565 

There is no obvious genetic relationship between the two lava flows examined and their 566 

overlying tephra deposits, although it is clear that these tephra deposits are not related to the 567 

Clear Lake East lava flow (Fig. 10). Two of the three soil pits on the Cold Water Cove soil 568 

contain two tephras that have similar major and minor element chemistries but different trace 569 

element chemistries (Tables 5 and 6). The upper (or sole) Cold Water Cove tephra is similar to 570 

Clear Lake South soil but appears sufficiently different in some of the major and trace element 571 

chemistry to indicated that it is a single deposit. Interestingly, the two analyzed samples of bulk 572 

Sand Mountain tephra (1) shows a considerable spread in chemistry and (2) are more similar to 573 

each other than to the tephra-based soils on the Cold Water Cove and Clear Lake South lava 574 

flows. 575 

The Cold Water Cove lava flow is covered by two different tephras; here the lower tephra 576 

has half the organic content of the upper tephra. However, the upper tephra on the Cold Water 577 

Cove lava flow has a lower organic content than the tephra on the Clear Lake South lava flow. 578 

This might suggest that the Clear Lake South ―soil‖ is more mature than the Cold Water Cove 579 

―soil‖, although the stratigraphic relation of the two lava flows and the blanketing nature of 580 

tephra ash fall requires that any widespread tephra covering the Clear Lake South lava flow also 581 

covered the Cold Water Cove lava flow. 582 



We propose that either syn- or post-effusive explosive activity occurring prior to the 583 

emplacement of the Clear Lake East lava flow deposited tephra on the Cold Water Cove and 584 

Clear Lake South lava flow, providing the requisite soil base for robust plant colonization. 585 

 586 

5.2.3 Clear Lake East vegetation strip 587 

The origin of the linear strip of soil and vegetation in the middle of the Clear Lake East 588 

lava flow that strikes towards the vent area is unclear. Its chemistry indicates that it does not 589 

consist of tephra of the same composition as the Clear Lake East eruption; indeed, the 590 

composition alone suggests that it is more closely related to the older Cold Water Cove and Clear 591 

Lake South eruptions. However, field observations show that the soil is on top of, rather than 592 

surrounded by, the Clear Lake East lava flow. The linear nature of the strip resembles a fissure 593 

system, but in the field there is no evidence of a fissure system. While we can say that vegetation 594 

is present in this area where there is soil, and that the soil appears to consist of two tephra 595 

deposits filling local topographic lows, we have no satisfactory explanation for the origin of the 596 

tephra except that it appears to postdate the emplacement of the Clear Lake East lava flow, 597 

which is the youngest lava flow in the SMVF. 598 

 599 

5.3 Substrate suitability for tree growth 600 

With the exception of the fine (silt loam) sediments in the lower flat, most of the soils 601 

sampled on both the Collier Cone lava flow and the SMVF are sand. It is remarkable that mature 602 

forests are able to flourish in such soils, as sandy soils are generally nutrient poor from a plant 603 

perspective, because of low available surface area. In Linn county, Oregon, which includes the 604 

western part of the Three Sisters volcanic area, a survey of areas with the same forest assemblage 605 



and elevation as our field sites have mapped soils that the consist of gravelly and cobbly silt, 606 

clay, and sandy loams (Table 7). This suggests that in the higher elevations of the low land 607 

temperate forest zone, loams provide the best environment for DHC forest. However, the 608 

presence of DHC forests on young lava flows with less than optimal soils indicates that substrate 609 

alone does not dictate plant survival. On very young surfaces, there will be a lack of competition 610 

for light, which could promote growth of shade intolerant Douglas-fir (a key component of DHC 611 

forests). Thus, substrate alone may not be the sole factor to consider for plant establishment and 612 

growth; competition for resources (including light) may also be key.  613 

 614 

5.4 Role of external soil sources in other sites of effusive volcanism 615 

There are several other sites around the world that illustrate the importance of external 616 

soil sources for soil (and vegetation) development on lava flows. Here we will briefly discuss 617 

two sites that highlight the importance of (1) loess and (2) tephra as external soil sources. 618 

 619 

5.4.1 Loess as an external soil source 620 

Loess appears to be the primary source of soil on the early Holocene lava flows at Craters 621 

of the Moon, Idaho, where Vaughan et al. (2011) observed differences in soil development and 622 

plant colonization on lava flows with different surface morphologies. Áʹā lava flows lack soil 623 

and show little biologic activity. Vaughan et al. (2011) speculate that any loess input settles 624 

through the áʹā clinkers, and predict that once the intra-clinkers space has been filled with 625 

loess, soil development will initiate. On pahoehoe flows, loess accumulates in crevices, which 626 

also serve to pond water. Larger plants grow in larger crevices, and vegetation shields loess from 627 

further erosion. Thus, at Craters of the Moon a positive feedback exists between loess 628 



accumulation and biologic activity, with the underlying lava flow morphology providing the 629 

initial driver for where loess will accumulate (Vaughan et al., 2011). 630 

Loess is also the primary component of soil in the late Cenozoic Cima Volcanic Field in 631 

the Mojave Desert, California, USA (Wells et al., 1985) and on the late Cenozoic Owyhee Basin 632 

lava flows, southeastern Oregon, USA. At the latter, over 2 m of loess has accumulated in places 633 

since the early Holocene Mount Mazama (Crater Lake) eruption (K. House, pers. comm.). In 634 

both of these desert environments there is little vegetation, although the cause is likely due to the 635 

environment and not soil suitability. 636 

 637 

5.4.2 Tephra as an external soil source 638 

A recent example of tephra as an important source of soil can be found at Volcan Jorullo, 639 

Mexico (18.97°N, 101.72°W), which erupted between 1759 and 1774 AD (Gadow, 1930). Over 640 

the course the 25 year eruption, eight separate lava flow units were emplaced (A through G; 641 

Rowland et al., 2009). Only the last two units, G, and H, erupted after the end of the explosive 642 

stage. As a result, units A through F are covered with tephra from the eruption, while units G and 643 

H are barren. The difference in vegetation is easily seen in Google Earth, where there is an 644 

obvious contrast the surface of flow units G and H relative to the rest of the lava flow field. This 645 

difference relates to the presence of vegetation only on flow units A through G. Thus, tephra 646 

appears to provide a fertile soil base on a lava flow that is only 250 years old; moreover plant 647 

colonization has occurred where this soil is present. 648 

 649 

5.5 Importance of external soil source 650 



It is not immediately clear why an external soil source is so important for plant 651 

establishment and survival. We hypothesize that external soil sources provide a substrate for 652 

plant growth, as well as access to key nutrients and water. Although lava flows contain important 653 

plant nutrients, they are not readily available, as lava is dense, with low surface area to volume 654 

ratios, and is physically hard to break apart. We note that prized volcanically fertile lands (e.g., 655 

the Mediterranean, Indonesia) are areas with considerable tephra. We speculate that it is tephra, 656 

which is fine grained and has a greater surface area to volume ratio, not lava, that produces 657 

fertile volcanic soils. However tephra is not the sole external source: flood deposits (this paper) 658 

and loess (e.g., Wells et al., 1985; Vaughan et al., 2011) can also provide plants with both a 659 

substrate to establish and extractable key nutrients. 660 

External soil sources may also provide a water source. Young lava flows are among the 661 

most permeable surfaces on earth and while they are important groundwater reservoirs (e.g., 662 

Jefferson et al., 2006), there is little available surface or near surface water. Fine grained external 663 

soil sources may be able store sufficient water within their pore space for plants to survive in the 664 

absence of an adequate water supply in the upper portions of a lava flow. This notion is 665 

supported by agricultural experiments conducted in tephra from the Sunset Crater eruption, 666 

where it was found that when not too thick, tephra acts as a mulch and retains moisture (Ort et 667 

al., 2008). Indeed, the Native American population near Sunset Crater appears to have 668 

significantly expanded following the Sunset Crater eruption (sometime between 1040 and 1100 669 

AD; Ort et al., 2002), suggesting an increase in agriculturally viable lands at this time (Ort et al., 670 

2008). Thus, tephra, and likely other fine grained sediments, play an important role in making 671 

lava flows a suitable environment for plant colonization. 672 



Once plants have colonized external soil sources on lava flows, mechanical weathering 673 

by roots or chemical weathering via biological acids may break down lava. However, it is 674 

possible that biological time scales are sufficiently slow that geologic forces prevail in the 675 

removal of lava flows from the active landscape, with erosion by glacial or fluvial activity or by 676 

burial by later lava flows. Both geologic erosion (rather than biologic weathering) and burial 677 

impede the direct transfer of nutrients (e.g., Mg) from the lava to the biosphere. As such, lava 678 

may be a relatively biologically inert substrate; fine-grained tephra from explosive volcanic 679 

activity could arguably be the driver for delivery of key elements from within the earth to the 680 

biosphere. 681 

 682 

6. Conclusions 683 

We have presented a detailed study of two sites of recent effusive volcanism in the 684 

central Oregon Cascades, USA; these sites are notable for the observed juxtaposition of exposed 685 

lava flows and mature forests on a single lava flow or on lava flows of similar ages. At the 686 

younger site, the 1.5 ka Collier Cone lava flow, floods and/or debris flows appear to have 687 

deposited a total of 194,000 m
3
 of sediment at two places on top of the lava flow. These two 688 

areas, informally referred to as upper and lower flats, host mature forests indistinguishable from 689 

those off the lava flow. At the older ~3 ka Sand Mountain Volcanic Field, lava flows with tephra 690 

cover host mature forests while areas without tephra have no soil cover and limited vegetation. 691 

Based on these two sites, we hypothesize that in at least in temperate areas, soil on lava 692 

flows is predominately externally derived and not formed from the in situ physical and chemical 693 

breakdown of the underlying lava flow. External soil sources can be water-transported, related to 694 

syn- or post-eruptive explosive volcanic activity, or derived from aeolian sources. We 695 



hypothesize that these external soil sources provide a substrate for vegetation to colonize 696 

providing access to key nutrients and water. 697 

Consequently, recovery from an incredibly destructive lava flow disturbance is dictated 698 

by external factors, such as floods, other volcanic activity, or a regional source of loess. In the 699 

absence of external soil sources in temperate climates, we predict that recovery from the 700 

disturbance will be very slow. However, with an external soil source, plant colonization is rapid 701 

and can lead to the relatively quick establishment of mature forests. As such, a lava flow may 702 

present one of the few environments where floods and explosive volcanic activity serve to 703 

rehabilitate the landscape, transforming it into a hospitable environment for life.  704 
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Figure captions 943 

 944 

Figure 1: Hillshade map of Oregon, USA, indicating location of the Collier Cone lava flow and 945 

the Sand Mountain Volcanic Field (SMVF). 946 

 947 

Figure 2: (A) Overview geologic map of the Collier Cone lava flow showing extent of Units 1 948 

through 4 after Deardroff and Cashman (in revision). Grid spacing is 1 km with labeled UTM 949 

zone 10N coordinates. Basemap is a LiDAR-derived hillshade where available and a 10 m 950 

hillshade elsewhere. 100 m contour intervals are show, with bold 500 m contour intervals. White 951 

Branch and Glacier creeks are indicted in blue, and geographic features are labeled. Box shows 952 

the extent of Fig. 1B. (B) LiDAR-derived hillshade and canopy map. The upper and lower flats 953 

on the Collier Cone lava flow are outlined in white. 954 

 955 

Figure 3: (A) Overview geologic map of the southern Sand Mountain Volcanic Field showing 956 

the extent of the Cold Water Cove, Clear Lake South, and Clear Lake East lava flows. Grid 957 

spacing is 1 km with labeled UTM zone 10N coordinates. Basemap is a 10 m hillshade. 100 m 958 

contour intervals are show, with bold 500 m contour intervals. (B) LiDAR-derived hillshade and 959 

canopy map. Studied lava flows are outlined in black, and soil pit locations are indicated with 960 

stars. 961 

 962 

Figure 4: Stacked histogram plot showing percent of pixels with dense, moderate, low, and 963 

sparse vegetation density for regions in the (A) the Collier Cone lava flow and (B) SMVF study 964 

areas. 965 



 966 

Figure 5: Map showing augered soil depth measurements in cm for the (A) upper and (B) lower 967 

flats of the Collier Cone lava flow, underlain by a soil depth model for both areas; the basemap is 968 

a 1 m LiDAR-derived hillshade. The color scheme and the scale is the same for both flats. 969 

Measurements where it is unlikely that the base of the soil column was reached are indicated 970 

with ‗>‘. In (B) the location of the two Collier Cone lava flow soil pits are indicated along with 971 

the location of a DBH 2.4 m Douglas-fir tree. 972 

 973 

Figure 6: Example of fine and coarse alternating layers present in soil pit NID11-08CC in the 974 

lower flat on the Collier Cone lava flow (Fig. 5b). All three layers shown here were sampled (see 975 

Tables 3 – 6). The photo spans a depth of 52 to 69 cm, and the measuring tape units are cm on 976 

the left and inches on the right. 977 

 978 

Figure 7: Chemistry of soil horizons sampled on soil pits NID11-07CC (grey squares) and 979 

NID11-08CC (dark grey diamonds) on the lower float of the Collier Cone lava flow. Lava flow 980 

chemistry of the underlying Unit 1 (light grey circles) and Units 2 – 4 (open circles) is shown for 981 

comparison; lava flow chemistry from Schick (1994) and Deardorff and Cashman (in revision). 982 

Chemistry was determined by XRF at Washington State University Pullman, and instrument 983 

errors are shown in the legends. (A) Major and minor element chemistry: P2O5 vs. SiO2. (B) 984 

Trace element chemistry: Zr vs. Nb. 985 

 986 

Figure 8: Results of pebble count conducted in White Branch Creek between the upper and lower 987 

flats on the Collier Cone lava flow. (A) Composition of clasts and legend with the number of 988 



clasts in each category in brackets. (B) Grain size distribution based on intermediate axis. 989 

Abbreviations: subrnd. = subrounded, subang. = subangular, oxid. = oxidized, bas. = basalt, and 990 

bas. andesite = basaltic andesite. 991 

 992 

Figure 9: Photographs of ―soil‖ (tephra) from the SMVF. (A) and (B) are the upper and lower 993 

tephra from soil pit NID11-09MK on the Cold Water Cove lava flow, and (C) and (D) are the 994 

upper and lower tephra from soil pit NID11-12MK on the Clear Lake East lava flow. The tick 995 

marks at the top of the photos show 1 mm intervals. 996 

 997 

Figure 10: Chemistry of soil horizons sampled at soil pits dug in the southern SMVF on the 998 

Clear Lake East (light grey), Clear Lake South (grey) and Cold Water Cove (dark grey lava 999 

flows) along with two samples of bulk Sand Mountain tephra. Upper soil horizons are denoted 1000 

with squares and in places where there were two tephra layers, the lower horizon is denoted with 1001 

a diamond. Lava flow chemistry for these three regions are shown as regions based on 29, 51, 1002 

and 10 samples of bulk lava from the Clear Lake East, Clear Lake South, and Cold Water Cove 1003 

flows, respectively; lava flow chemistry from Deligne (unpublished data) and Conrey 1004 

(unpublished data). Chemistry was determined by XRF at Washington State University Pullman, 1005 

and instrument errors are shown in the legends. (A) Major and minor element chemistry: TiO2 1006 

vs. SiO2. (B) Trace element chemistry: Ba vs. Sr.  1007 



Table captions 1008 

 1009 

Table 1: Age constraints of select Sand Mountain Volcanic Field lava flows. 1010 

 1011 

Table 2: Oldest identified tree ring for trees cored on the Collier Cone lava flow within the lower 1012 

flat near soil pit NID11-07CC. The pith was not reached in any core, so the cored trees are at 1013 

least as old as the age provided. 1014 

 1015 

Table 3: Field data for the Collier Cone lower flat and the Sand Mountain Volcanic Field soil 1016 

pits. Location reported for UTM Zone 10N, datum WGS 1984. An asterisk (*) indicates a 1017 

horizon was sampled, while a double asterisk (**) indicates the sample was field sieved for the 1018 

soil fraction (< 2 mm). Unless otherwise noted, boundaries between horizons are abrupt and 1019 

linear. 1020 

 1021 

Table 4: Physical characteristics of samples collected from soil pits on the Collier Cone lower 1022 

flat and the Sand Mountain Volcanic Field (SMVF). An asterisk (*) denotes the sample was 1023 

pretreated with H2O2 prior to the textural analysis. Carbon LOI analyses were done at the 1024 

University of Oregon (Collier Cone lava flow) and Washington State University Pullman 1025 

(SMVF). 1026 

 1027 

Table 5: Major and minor element chemistry (weight percent) of samples collected from soil pits 1028 

on the Collier Cone lower flat and the Sand Mountain Volcanic Field (SMVF) in addition to two 1029 

bulk tephra samples collected from the Sand Mountain tephra blanket. 1030 



Table 6: Trace element chemistry (ppm) of samples collected from soil pits on the Collier Cone 1031 

lower flat and the Sand Mountain Volcanic Field (SMVF) in addition to two bulk tephra samples 1032 

collected from the Sand Mountain tephra blanket. 1033 

 1034 

Table 7: Range of major (weight percent > 1%) and select trace element (ppm) chemistry for 1035 

select lava flows of the southern Sand Mountain Volcanic Field (R. Conrey, unpublished data; N. 1036 

Deligne, unpublished data). 1037 

 1038 

Table 8: Textures of mapped soils in Linn county, Oregon, hosting DHC forests above 914 m 1039 

(3000 ft) elevation. The extent indicates the area in Linn county that meets the selected criteria, 1040 

and soil horizons are indicated in parentheses. 1041 



Table 1 Age constraints of select Sand Mountain Volcanic Field lava flows. 

 

Dating method Lava flow Age constraint Notes Reference 

Paleomagnetism Southern SMVF ~3 ka Includes samples from Cold Water 

Cove, Clear Lake South, and Clear Lake 

East lava flows 

D. Champion, pers. comm. 

     

Stratigraphy Cold Water Cove oldest Each lava flow is in direct contact with 

the other two lava flows with clear 

stratigraphic relations 

N. Deligne, R. Conrey 

(unpublished data)  Clear Lake South  

 Clear Lake East youngest  
     

AMS 
14

C Clear Lake South 2,870 ± 20 yr B.P. 

3,003 ± 35 cal yr B.P. 

Sample: NID10-16MK 

Collected Jul 20 2010, analyzed by NOSAMS Nov 16 2010; calibrated 

age determined using CalPal-2007
online

 (Danzeglocke et al., 2012) 

Description: outer wood of tree submerged in Clear Lake at a depth of 

40 m (130 ft) near UTM10N E0580112 N4912933, datum WGS84 
     

 Clear Lake East 2,990 ± 300 yr B.P. Charred roots under lava on the east 

shore of Clear Lake 

Champion (1980); Sherrod 

et al. (2004) 

  2,705 ± 200 yr B.P. Outer wood from ~ 1 foot diameter 

stump submerged in Clear Lake at a 

depth of 4 m (13 ft) collected in Nov 

1963 

Benson (1965); Sherrod et 

al. (2004) 

  2,750 ± 45 yr B.P. 

2,848 ± 69 cal yr B.P. 

Reanalyzed “wood sample collected by 

[EM Taylor] in the summer of 1964 

from the center of a 0.3 m-diameter 

rooted snag submerged in Clear Lake” 

Licciardi et al. (1999) 

     

 

Table 1



Table 2 Oldest identified tree ring for trees cored on the Collier Cone lava flow within the 

lower flat near soil pit NID11-07CC. The pith was not reached in any core, so the cored trees are 

at least as old as the age provided. 

 

Tree ID DBH (cm) Core length (cm) Youngest possible age 

ALE 16 84 23 1923 AD 

ALE 17 72.5 27 1909 AD 

ALE 18 67.5 26 1905 AD 

ALE 19 65 27 1718 AD 

ALE 20 68 31 1797 AD 

ALE 21 76 29 1718 AD 

ALE 22 89.5 32 1734 AD 

ALE 23 81.5 32 1762 AD 

ALE 24 71 28 1717 AD 

ALE 25 63.5 29 1710 AD 

ALE 26 70.5 29 1709 AD 

ALE 27 73.5 29 1725 AD 

ALE 28 72 32 1699 AD 

ALE 29 87 29.5 1712 AD 

ALE 30 86.5 34 1722 AD 

 

Table 2



Table 3 Field data for the Collier Cone lower flat and the Sand Mountain Volcanic Field soil pits. Location reported for UTM 

Zone 10N, datum WGS 1984. An asterisk (*) indicates a horizon was sampled, while a double asterisk (**) indicates the sample was 

field sieved for the soil fraction (< 2 mm). Unless otherwise noted, boundaries between horizons are abrupt and linear. 

 

Soil Pit Location Name Depth Horizon Field Notes 
      

NID11-07CC Collier Cone 

E0587280, N4891217 

Error: ±7m 

A 0 to 5 cm Oi Mostly needles, negligible decomposition 

 B* 5 to 19 cm A or A1 Mostly sand, slightly moist 

Granular, weak to moderate structure, friable 

Lots of roots 

Distinct wavy boundary between A and C1 

  C** 19 to 39 cm C1 Matrix supported gravel (2 – 40 mm diameter) 

Gravel rounded to subrounded basaltic andesite, 

obsidian, high silica lava 

Some roots 

Gradual wavy boundary between C1 and C2 

  D** 39 to 88 cm C2 Clast supported gravel and cobbles (2 – 200 mm 

diameter), same compositions as C1  

Capped by cobbles 

Cobbles are basaltic andesite and high silica lava; 

largest clasts high silica lava 

Local void space (no matrix) at ~74 cm depth 

No roots 

  E* 88 to 102 cm A2 or C3 Sand, very similar to A 

Capped by thin beige layer that appears to be 

wooden 

Roots present 

Distinct wavy boundary between A2 and C3 (C4) 

  F > 102 cm C3 or C4 Resembles horizon C1 
      

NID11-08CC Collier Cone 

E0586972, N4891220 

Error: ±7m 

 

A 0 to 5 cm Oi/A or Oi/A1 Lots of roots 

 B* 5 to 22 cm C1 Lots of roots at boundary with Oi/A, some roots 

below boundary 

Well sorted sand, friable 

Table 3



Occasional medium gravel (1 cm) 

  C* 22 to 36 cm C2 Well sorted fines, firm 

Occasional lenses of sand 

Few roots 

  D 36 to 39 cm C3 Well sorted sand, friable 

  E 39 to 40 cm C4 Well sorted fines, firm 

  F 40 to 42 cm C5 Well sorted sand, friable 

  G 42 to 45 cm C6 Well sorted fines, firm 

  H* 45 to 51 cm C7 Well sorted sand, friable 

  I* 51 to 57 cm C8 Well sorted fines, firm 

  J* 57 to 64 cm C9 Well sorted sand, friable, some roots 

  K* 64 to 85 cm C10 Well sorted fines, firm, some roots 

  L 85 to 90 cm C11 Mixture of sand and fines, some roots 

  M 90 to 100 cm C12 Well sorted fines, firm 

  N 100 to 104 cm C13 Well sorted sand, friable 

  O 104 to 107 cm C14 Well sorted fines, firm 

  P 107 to 108 cm C15 or A2 Resembles buried and compressed O horizon 

  Q 108 to 123 cm C15 or C16 Well sorted fines, firm 

  R 123 to 212 cm C16 or C17 Undifferentiated alternate layers of well sorted 

friable sand and firm fines 

  S > 212 cm R Collier Cone lava flow 
      

NID11-09MK Cold Water Cove 

E0589612, N4911796 

Error: ±7m 

A 0 to 4 cm Oi Litter layer 

 B* 4 to 34 cm C1 Brown tephra 

Slightly indurated at top of horizon but easy to 

dig through 

Gradual boundary over 5 cm between C1 and C2 

  C* 34 to 64 cm C2 Dark tephra 

Harder to dig through than C1 

  D > 64 cm R Cold Water Cove lava flow 
      

NID11-10MK Clear Lake South 

E0580429, N4912093 

Error: ±7m 

A 0 to 5 cm Oi/A Litter layer 

 B** 5 to 34 cm C Tephra between gravel and cobble sized lava 

clasts 



Large roots 

 C > 34 cm R Clear Lake South lava flow 
      

NID11-11MK Cold Water Cove 

E0580681, N4912272 

Error: ±14m 

A 0 to 5 cm Oi/A Litter layer 

 B* 5 to 40 cm  Brown tephra 

 C* 40 to 55 cm  Dark tephra 

  D > 55 cm  Cold Water Cove lava flow 
      

NID11-12MK Clear Lake East 

E0582315, N4913621 

Error: ±7m 

A 0 to 2 cm Oi/A Litter layer with a few thin needles and grass 

 B* 2 to 50 cm C1 Light brown tephra 

Lots of roots 

  C* 50 to 184 cm C2 Dark brown tephra with olivine 

Indurated at top of horizon 

Fewer roots than C1 

  D > 184 cm R Clear Lake East lava flow 
      

NID11-13MK Clear Lake South 

E0580347, N4913784 

Error: ±7m 

A 0 to 7 cm Oi/A Litter layer with gravel sized lava or scoria clasts 

 B* 7 to 30 cm C1 Brown tephra with some gravel sized clasts 

Lots of roots 

  C* > 30 cm R Clear Lake South lava flow 
      

NID11-14MK Cold Water Cove 

E0580116, N4914170 

Error: ±7m 

A 0 to 5 cm Oi/A Litter layer 

 B* 5 to 40 cm C1 Brown tephra 

 C > 40cm R Cold Water Cove lava flow 
      

NID11-15MK Clear Lake South 

E0579896, N4910760 

Error: ±7m 

A 0 to 5 cm Oi/A Litter layer 

 B** 5 to 26 cm C1 Brown tephra with cobbles of lava 

 C > 26 cm R Clear Lake South lava flow 

 



Table 4 Physical characteristics of samples collected from soil pits on the Collier Cone lower flat and the Sand Mountain 

Volcanic Field (SMVF). An asterisk (*) denotes the sample was pretreated with H2O2 prior to the textural analysis. Carbon LOI 

analyses were done at the University of Oregon (Collier Cone lava flow) and Washington State University Pullman (SMVF). 
 

 Texture (< 2 mm fraction)  Color 

Sample Name Texture % Sand % Silt % Clay % Carbon Moist Dry 

NID11-07CCb Sand* 87 12 1 1.34 Dark reddish brown [5YR 2.5/2] Brown [7.5YR 4/2] 

NID11-07CCc Sand 

Sand* 

96 

91 

3 

8 

1 

1 

1.10 Black [10YR 2/1] Grayish brown [10YR 5/2] 

NID11-07CCd Sand* 95 4 1 0.60 Black [5YR 2.5/1] Reddish gray [2.5YR 5/1] 

NID11-07CCe Sand 91 7 2 0.90 Very dark gray [7.5YR 3/1] Reddish gray [2.5YR 5/1] 

        

NID11-08CCb Sand 90 9 1 1.22 Very dark gray [10YR 3/1] Dark reddish gray [2.5YR 4/1] 

NID11-08CCc Silt loam 28 61 11 1.05 Black [7.5YR 2.5/1] Dark gray [10YR 4/1] 

NID11-08CCh Sand 99 0 1 0.40 Black [10YR 2/1] Dark reddish gray [2.5YR 4/1] 

NID11-08CCi Silt loam 37 57 6 0.62 Very dark gray [10YR 3/1] Gray [10YR 5/1] 

NID11-08CCj Sand 98 1 1 0.35 Black [10YR 2/1] Dark reddish gray [2.5YR 4/1] 

NID11-08CCk Silt loam 27 64 9 0.97 Very dark gray [10YR 3/1] Grayish brown [10YR 5/2] 

        

NID11-09MKb Sand 88 8 4 4.72 Very dark grayish brown [10YR 3/2] Dark yellowish brown [10YR 4/4] 

NID11-09MKc Sand 91 8 1 2.90 Dark reddish brown [5YR2.5/1] Brown [10YR 4/3] 

        

NID11-10MKb Sand 94 4 1 6.90 Dark yellowish brown [10YR 3/4] Yellowish brown [10YR 5/4] 

        

NID11-11MKb Sand 91 8 1 5.70 Dark brown [10YR 3/3] Dark yellowish brown [10YR 4/4] 

NID11-11MKc Sand 96 3 1 1.15 Very dark brown [10YR2/2] Dark gray [10YR 4/1] 

        

NID11-12MKb Sand 94 4 2 2.77 Very dark brown [10YR2/2] Dark yellowish brown [10YR 3/4] 

NID11-12MKc Sand 97 2 1 0.95 Black [10YR2/1] Black [2.5YR 2.5/1] 

        

NID11-13MKb Loamy sand 78 17 5 7.11 Dark brown [7.5YR 3/3] Yellowish brown [10YR 5/4] 

        

NID11-14MKb Sand 88 10 2 4.66 Very dark brown [10YR2/2] Yellowish brown [10YR 5/4] 

        

NID11-15MKb Loamy sand 84 11 5 7.70 Dark brown [10YR 3/3] Brown [7.5YR 3/1] 
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Table 5 Major and minor element chemistry (weight percent) of samples collected from soil pits on the Collier Cone lower flat 

and the Sand Mountain Volcanic Field (SMVF) in addition to two bulk tephra samples collected from the Sand Mountain tephra 

blanket. 
 

Sample Name  SiO2    TiO2    Al2O3   FeO  MnO     MgO     CaO     Na2O    K2O     P2O5   

NID11-07CCb 56.96 1.017 18.45 6.78 0.127 4.04 7.05 4.26 1.07 0.245 

NID11-07CCc 56.70 1.153 17.43 7.70 0.141 4.44 6.96 4.20 1.02 0.257 

NID11-07CCd 57.85 1.151 16.97 7.46 0.144 4.21 6.40 4.40 1.12 0.277 

NID11-07CCe 56.39 1.146 17.63 7.64 0.141 4.64 7.01 4.17 0.99 0.245 
           

NID11-08CCb 58.17 1.052 18.00 6.70 0.132 3.40 6.61 4.56 1.11 0.258 

NID11-08CCc 56.73 0.969 19.28 6.42 0.120 3.36 7.58 4.40 0.93 0.223 

NID11-08CCh 59.25 1.070 17.30 6.81 0.135 3.20 6.01 4.71 1.24 0.270 

NID11-08CCi 56.18 0.977 19.54 6.36 0.121 3.57 7.88 4.28 0.87 0.216 

NID11-08CCj 59.88 1.080 17.08 6.62 0.136 3.04 5.75 4.84 1.30 0.282 

NID11-08CCk 58.91 0.939 18.65 6.09 0.126 2.72 6.30 4.83 1.15 0.275 
           

NID11-09MKb 50.50 1.495 19.72 8.93 0.137 6.27 8.59 3.18 0.75 0.434 

NID11-09MKc 51.41 1.418 19.57 8.68 0.134 5.70 8.56 3.42 0.73 0.371 
           

NID11-10MKb 49.75 1.640 20.52 9.42 0.128 5.62 8.43 3.13 0.78 0.592 
           

NID11-11MKb 50.11 1.581 20.58 9.16 0.153 5.41 8.54 3.07 0.74 0.664 

NID11-11MKc 50.66 1.418 17.30 9.00 0.158 8.03 8.97 3.31 0.80 0.354 
           

NID11-12MKb 50.39 1.420 18.94 8.80 0.140 7.20 8.97 3.10 0.68 0.369 

NID11-12MKc 51.40 1.331 17.71 8.42 0.143 7.67 9.04 3.18 0.75 0.358 
           

NID11-13MKb 49.89 1.591 21.24 9.50 0.151 5.01 8.03 3.19 0.68 0.712 
           

NID11-14MKb 50.06 1.513 20.22 8.99 0.137 6.19 8.70 3.09 0.69 0.416 
           

NID11-15MKb 49.37 1.761 20.65 9.62 0.130 5.37 8.41 3.01 0.75 0.933 
           

SM10 01B-BK 51.92 1.303 18.78 8.29 0.137 6.31 8.79 3.39 0.71 0.376 

SM10 01D3-BK 50.33 1.246 15.93 9.16 0.152 10.83 8.37 2.94 0.71 0.336 
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Table 6 Trace element chemistry (ppm) of samples collected from soil pits on the Collier Cone lower flat and the Sand 

Mountain Volcanic Field (SMVF) in addition to two bulk tephra samples collected from the Sand Mountain tephra blanket. 

 

Sample Name Ni Cr Sc V Ba Rb Sr Zr Y Nb Ga Cu Zn Pb La Ce Th Nd U 

NID11-07CCb 57 66 19 142 352 17 523 124 20 6.9 19 73 82 5 11 27 2 17 1 

NID11-07CCc 65 66 23 156 373 16 495 146 24 8.1 19 48 90 8 11 32 2 19 0 

NID11-07CCd 62 59 20 148 401 17 463 164 27 8.9 20 44 92 5 17 35 1 21 2 

NID11-07CCe 67 66 20 154 354 14 504 140 24 8.1 19 55 88 5 13 27 2 19 1 
                    

NID11-08CCb 40 49 20 130 392 17 488 155 26 8.0 20 40 86 5 14 36 2 20 3 

NID11-08CCc 40 53 19 132 352 13 569 130 23 6.8 21 67 80 4 11 26 2 17 1 

NID11-08CCh 37 44 19 124 436 19 453 174 28 8.6 20 36 85 5 18 37 2 20 1 

NID11-08CCi 43 58 20 138 339 12 586 121 22 6.6 20 67 77 4 10 28 1 17 0 

NID11-08CCj 33 40 19 120 452 20 445 183 29 9.4 21 33 88 5 18 40 3 24 0 

NID11-08CCk 30 40 17 104 427 17 516 160 27 8.1 23 50 81 6 15 31 2 20 1 
                    

NID11-09MKb 93 171 25 195 314 9 842 162 21 12.4 22 50 78 4 16 42 3 22 1 

NID11-09MKc 86 128 24 186 301 8 877 164 26 11.8 20 62 77 3 23 53 3 28 0 
                    

NID11-10MKb 78 155 23 203 302 9 807 170 20 13.9 21 51 74 5 17 37 2 19 0 
                    

NID11-11MKb 73 147 26 205 311 8 859 168 22 13.8 23 46 77 6 15 44 3 25 2 

NID11-11MKc 154 292 27 189 300 9 709 146 23 11.3 17 79 79 3 17 37 2 21 1 
                    

NID11-12MKb 122 212 26 180 285 8 942 155 23 12.7 20 48 74 3 21 48 2 26 1 

NID11-12MKc 136 224 24 173 325 9 961 146 23 11.8 19 52 81 3 16 44 2 25 2 
                    

NID11-13MKb 86 137 21 197 321 9 788 175 18 13.9 21 48 91 7 13 41 2 20 0 
                    

NID11-14MKb 89 162 27 195 324 8 931 169 24 13.2 21 58 75 7 23 51 3 30 1 
                    

NID11-15MKb 68 166 24 207 293 10 765 170 20 14.4 22 51 82 7 16 35 3 20 1 
                    

SM10 01B-BK 98 143 23 168 304 8 964 154 22 10.9 20 50 78 5 19 41 1 24 2 

SM10 01D3-BK 247 391 25 166 292 9 852 134 21 10.9 17 80 87 6 20 37 0 22 1 
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Table 7 Range of major (weight percent > 1%) and select trace element (ppm) chemistry for select lava flows of the southern 

Sand Mountain Volcanic Field (R. Conrey, unpublished data; N. Deligne, unpublished data). 

 
  Major elements (wt %) Trace elements (ppm) 

Lava flow N SiO2 TiO2 Al2O3 FeO MgO CaO Na2O Ni Cr Ba Sr 

Cold Water Cove 10 50.93-51.32 1.373-1.403 16.91-17.14 8.51-8.94 7.76-7.99 9.08-9.31 3.29-3.43 139-159 269-288 283-328 692-761 

Clear Lake South 51 50.94-51.65 1.546-1.647 16.58-17.27 8.21-8.77 6.42-8.08 9.43-10.06 3.20-3.47 76-153 167-282 269-351 776-932 

Clear Lake East 29 53.04-53.52 1.284-1.305 17.14-17.77 7.47-7.96 5.61-6.46 8.98-9.20 3.55-3.85 71-87 112-161 341-374 1018-1093 

Instrument error  0.19 0.012 0.082 0.18 0.073 0.043 0.036 3.5 3.0 11.7 4.6 
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Table 8 Textures of mapped soils in Linn county, Oregon, hosting DHC forests above 914 m (3000 ft) elevation. The extent 

indicates the area in Linn county that meets the selected criteria, and soil horizons are indicated in parentheses. 

 

Soil series Extent Subgroup Texture 

Keel gravelly silt loam 42 km
2 

Typic Haplocryand Gravelly silt loam (A1), silt loam (A2, AB), clay loam (Bw), 

cobbly loam (BC) 

Hummington very gravelly loam 13 km
2
 Typic Fulvicryand Gravelly loam (A1, A2), very gravelly loam (Bw1), extremely 

gravelly loam (Bw2) 

Henline very stony sandy loam 11 km
2
 Typic Humicryepts Extremely stoney loam (A), extremely stony sandy loam (C) 

Cruiser gravelly loam 11 km
2
 Typic Haplocryand Gravelly loam (A, AB), gravelly heavy loam (Bw1), gravelly clay 

loam (Bw2, Bw3), very cobbly clay loam (C) 
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