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ABSTRACT

To assess the complexity of eruptive activity
within mafic volcanic fields, we present a de-
tailed geologic investigation of Holocene vol-
canism in the upper McKenzie River catch-
ment in the central Oregon Cascades, United
States. We focus on the Sand Mountain vol-
canic field, which covers 76 km? and consists
of 23 vents, associated tephra deposits, and
lava fields. We find that the Sand Mountain
volcanic field was active for a few decades
around 3 ka and involved at least 13 eruptive
units. Despite the small total volume erupted
(~1 km® dense rock equivalent [DRE]), Sand
Mountain volcanic field lava geochemistry
indicates that erupted magmas were derived
from at least two, and likely three, different
magma sources. Single units erupted from
one or more vents, and field data provide
evidence of both vent migration and reoccu-
pation. Overall, our study shows that mafic
volcanism was clustered in space and time,
involved both explosive and effusive behavior,
and tapped several magma sources. These ob-
servations provide important insights on pos-
sible future hazards from mafic volcanism in
the central Oregon Cascades.

INTRODUCTION

Small mafic volcanoes are the most common
volcanic landform on Earth; they are found in
volcanic fields or on the flanks of larger vol-
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canoes (Valentine and Connor, 2015; de Silva
and Lindsay, 2015). Traditionally, small mafic
volcanoes have been considered monogenetic,
i.e., corresponding to a single batch of magma
that erupts only once (e.g., Wood, 1979). More
recently, this assumption has been challenged by
compositional data that indicate multiple magma
sources at single cones (e.g., Brenna et al., 2010;
Clynne and Muffler, 2010; Kereszturi et al.,
2010; Needham et al., 2011; McGee et al.,
2012; Rasoazanamparany et al., 2015). Within
volcanic fields, there is often temporally clus-
tered activity (e.g., Condit and Connor, 1996;
Kereszturi et al., 2011), and tectonic influences
or preexisting structures may control vent loca-
tions (e.g., Le Corvec et al., 2013a). Numer-
ous workers have studied the spatial, temporal,
volumetric, and geochemical patterns of mafic
volcanism in volcanic fields (e.g., Hasenaka and
Carmichael, 1985; Kuntz et al., 1986; Conway
et al., 1997; Valentine and Perry, 2007; Bebbing-
ton and Cronin, 2011; Cebria et al., 2011; Guil-
baud et al., 2011; Le Corvec et al., 2013b). There
have also been detailed investigations of select
volcanoes within volcanic fields (e.g., Pioli et al.,
2008; Rowland et al., 2009; Németh et al., 2012),
and studies of associated hazards (e.g., Valentine
and Gregg, 2008; Brand et al., 2014). Missing
from the literature, however, is a comprehensive
mapping investigation of mafic volcanic activity
that is clustered in both space and time, despite
the potential importance of clustering in volcanic
hazard assessment, as well as insights that clus-
tering can provide into the geometry of subvol-
canic plumbing systems.

To address the question of clustered volcanism,
we present a detailed mapping and preliminary
geochemical investigation of mafic volcanic
units in the upper McKenzie River catchment
in the central Oregon Cascades, United States,
focusing on a spatial and temporal cluster of
monogenetic cones (Hildreth, 2007) and associ-
ated lava fields. This cluster is the 76 km? Sand

Mountain volcanic field (Sherrod et al., 2004),
which consists of the Sand Mountain chain of
cones, Nash and Little Nash Craters, the Lost
Lake chain of cones, and associated lavas and
tephra blankets (Fig. 1). All activity in the
upper McKenzie River catchment postdates
the ca. 7700 calendar (cal) yr B.P. cataclysmic
Mount Mazama eruption (Stuiver et al., 1998;
Bacon, 2008), making this one of the youngest
volcanic areas in the Cascade Range (Sherrod
et al., 2004). The catchment was first investi-
gated by Stearns (1929), with early reconnais-
sance mapping by Williams (1957). Further
mapping by Taylor (1965) identified nine lava
units emanating from multiple vent systems in
the Sand Mountain volcanic field, along with a
“late-stage” unit from Belknap volcano in the
upper McKenzie River catchment. The cur-
rent U.S. Geological Survey (USGS) geologic
map (Sherrod et al., 2004) is primarily based
on Taylor’s work. The concentration of vol-
canic activity in Sand Mountain volcanic field,
both spatially and temporally, provides a unique
opportunity to explore concurrent mafic vol-
canism, vent location, migration, and reoccu-
pation, magma source heterogeneity, and the
influence of earlier volcanism on later activity.
Importantly, this work provides new insight into
potential impacts of future clustered mafic vol-
canism in the central Oregon Cascades.

BACKGROUND

Geological Setting and Geography of the
Upper McKenzie River Catchment

Holocene volcanism in the upper McKenzie
River catchment within the High Cascades gra-
ben (central Oregon Cascades) is concentrated
along the northwestern margin of the graben,
close to the boundary between the High and
Western Cascades (Fig. 1). The Cascades Range
extends from northern California, United States,
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Figure 1. Location maps for the upper McKenzie River catchment. (A) Map of the contiguous United States, with the state of Oregon in
gray. (B) Map of Oregon showing the extent of part C with a black rectangle and the McKenzie River watershed in gray. (C) Hillshade
of northern portion of central Oregon Cascades, showing labels of geographic features mentioned in text. Sand Mountain volcanic field
(SMVF) is within the dashed oval. Central Oregon Cascades graben bounding fault zones are indicated by hashed lines, surface water
(year-round lakes and the McKenzie River) is shown in white, and state highways are shown in black.

to southern Canada and results from subduction
of the Juan de Fuca plate underneath the North
American plate. The central Oregon Cascades
range consists of two adjacent volcanic chains:
the Western Cascades, which was the axis of
volcanism from ca. 35 to 5 Ma, and the High
Cascades, which has been the axis of volcanism
since ca. 5 Ma (Taylor, 1968; Walker and
MacLeod, 1991). This shift in volcanism reflects
clockwise rotation of the North American plate
over the subduction zone, which has created an
apparent eastward migration of volcanism in the
central Oregon Cascades and westward migra-
tion in the northern Cascades (Wells et al., 1998;
McCaffrey et al., 2007; Wells and McCaftrey,
2013). The Western and High Cascades have
remarkably different geomorphic expressions:
The Western Cascades are highly dissected with
a well-developed stream network, whereas the
High Cascades are undissected with little to no
channel development (Fig. 1). The High Cas-
cades and higher-elevation parts of the Western
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Cascades were glaciated during the Pleistocene;
Pleistocene and older units have large-scale
glacial striations and display glacially carved
cirques and valleys; evidence of syneruptive
lava-ice interactions in the form of Pleistocene
tuyas (Sherrod et al., 2004) is also present.

The High Cascades graben is bounded by the
Horse Creek fault zone to the west and the Green
Ridge fault zone to the east (Fig. 1). The graben
is 30 km wide and ~2-3 km deep and is filled
by lava (Taylor, 1990; Sherrod et al., 2004). It is
a reflection of both Basin and Range extension
of the southwestern United States (Sherrod and
Smith, 1990) and, probably, clockwise rotation
of the North American plate. This graben has
been the focus of considerable mafic volcanism,
with ~60 km?* of mafic magma erupted in the
past 15 ka, and most of the mapped Quaternary
vents (1054 in total) are scoria cones and mafic
vents (Hildreth, 2007). As discussed in Schmidt
et al. (2008), volcanism within the High Cas-
cades graben forms a distinct geochemical seg-

ment of the Cascades arc (“Central segment”),
driven by extension and high heat flux. This seg-
ment is characterized by an abundance of low-K
tholeiites and a more-enriched mantle source
than the Columbia segment to the north. Our
study area is on the boundary between the Cen-
tral and Columbia segments of the Cascade arc.

The upper McKenzie River catchment is
southwest of Mount Jefferson and northwest
of Mount Washington and Belknap volcanoes
(Fig. 1). It is within the Willamette National For-
est McKenzie Ranger District, and it is an impor-
tant recreational area—the catchment includes
Clear Lake and Tamolitch Pool, which are popu-
lar visitor destinations. The upper McKenzie
River also hosts the Carmen Smith Hydroelec-
tric Power Scheme, which generates <115 kW
of electricity. Within the catchment, the Sand
Mountain volcanic field is situated close to San-
tiam Pass, which hosts a ski resort and is one
of three passes that cross the central Oregon
Cascades. The Sand Mountain volcanic field is

1619



bordered by an important transportation corridor
that connects central Oregon with the Willamette
Valley. Future volcanism in this area could there-
fore have substantial societal consequences.

Published Ages

Several '“C ages have been published for upper
McKenzie River catchment volcanism (Table 1),
and these indicate that the Sand Mountain vol-
canic field was active at ca. 3 ka. Additionally,
two C dates (of the same sample) yielded
an age of ca. 1.5 ka for the late-stage Belknap
unit south of the Sand Mountain volcanic field
(Table 1); this unit was mapped by both Taylor
(1965) and Sherrod et al. (2004) as entering the
McKenzie River valley south of Carmen Reser-
voir and surrounding Tamolitch Pool.

Tephra Deposit

Our map and sample collection focused
solely on the lava fields and vents of the Sand
Mountain volcanic field, as well as lavas in the
upper McKenzie River catchment. The reader is
referred to Mckay (2012) for treatment of asso-
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ciated Sand Mountain volcanic field tephra fall
deposits that extend to the east, undertaken as
part of a larger project on regional young mafic
explosive volcanism. Mckay (2012) mapped the
thickness and extent of the entire Sand Moun-
tain volcanic field tephra deposit, which covers
~154 km? and has a volume of ~0.39 km?*. While
Mckay (2012) noted hundreds of interbedded
layers within a relatively continuous deposit,
she did not undertake detailed geochemistry
to fingerprint individual units. Sand Mountain
volcanic field tephra is distinctive due to its
remarkable uniformity (mode grain size 125 um
to 0.5 mm) and absence of lapilli, which sug-
gests a hydromagmatic source via interaction
with groundwater (Mckay, 2012). No pyroclas-
tic density current deposits have been identified.

METHODS

Geologic Mapping and
Geochemical Analyses

The field work presented here was started
in the mid-1990s by R.M. Conrey and focused
on lava unit identification and general Sand

Mountain volcanic field characterization. In
2008, the Eugene Water and Electric Board
and Oregon’s Department of Geology and
Mineral Industries acquired 1-m-resolution
research-grade light detection and ranging
(LiDAR) data for the McKenzie River. The
improved topographic resolution provided
by LiDAR in this heavily forested region
prompted us to undertake detailed mapping
of the southern Sand Mountain volcanic field.
We used LiDAR data to identify likely unit
extents, presumed unit contacts, and locations
for field checking and sample collection; we
then mapped several unit contacts in the field
using a handheld global positioning system
(GPS) device.

We define a unit as a cone and/or lava of
similar geochemical composition that is distinct
from other units. Mapped lavas were assigned to
eruptive units on the basis of the geochemistry
of collected samples, as well as field observa-
tions of morphology and phenocryst content.
Geochemistry was important because many of
the lavas are aphyric. Major- and trace-element
concentrations were measured by X-ray fluores-
cence spectroscopy (XRF) at Washington State

TABLE 1. SUMMARY OF AVAILABLE “C DATES FOR THE SAND MOUNTAIN VOLCANIC FIELD AND THE BELKNAP LAVAS

Sample Lab Uncalibrated age Calibrated age
name number (10) (20)* Description Reference
TFJ-60A WSU-370+ 1400 + 100 yr B.P.  (94.7%) 1344 + 178 cal. yr B.P. (A.D. 427-784) Reanalysis of sample TFJ-60 described below Champion
(3.3%) 1143 + 21 cal. yr B.P. (A.D. 786-828) (1980)
(2.0%) 1098 + 13 cal. yr B.P. (A.D. 839-865)
TFJ-60 WSU-292 1590 + 160 yr B.P. (99.1%) 1554 + 318 cal. yr B.P. (A.D. 79-714) Charred roots excavated from base of tree Taylor (1965)
(0.9%) 1194 + 11 cal. yr B.P. (A.D. 745-767) mold within the late-stage Belknap lava unit
of Taylor (1965) roughly 0.8 km (0.5 mi)
east of Highway126
TFJ-204 WSU-371 1950 + 150 yr B.P. (94.3%) 2265 + 79 cal. yr B.P. (236-394 B.C.) Charred wood underneath cinders from Chatters (1968)
(4.9%) 2268 + 40 cal. yr B.P. (358278 B.C.) cone immediately southwest of Potato Hill,
(0.8%) 2,00 + 9 cal. yr B.P. (259-241 B.C.) presumably Jack Pine vent
870804-1 W-6018 2590 + 150 yr B.P.  (100.0%) 2687 + 353 cal. yr B.P. (1090-384 B.C.) Charcoal at contact between soil and tephra Sherrod et al.
attributed to Nash and the northern Sand (2004)
Mountain volcanic field
Sample b N.R.T 2705 +200yr B.P.  (98.2%) 2810 + 462 cal. yr B.P. (1323-398 B.C.)  Outer wood of ~0.3-m-diameter(1-ft-diameter) Benson (1965)
(1.8%) 3308 + 24 cal. yr B.P. (1382-1334 B.C.) stump submerged in Clear Lake at depth of
4 m (13 ft), collected in November 1963
CL1964 AA-30522 2750 +45yrB.P.  (100.0%) 2856 + 92 cal. yr B.P. (998-815 B.C.) Part of 0.3 m “rooted snag” submerged in Licciardi et al.
Clear Lake collected by E.M. Taylor in (1999)
summer 1964 (Licciardi et al., 1999) near
the Cold Water Cove campground boat
ramp (E.M. Taylor personal commun. to
R.M. Conrey, 1995)
NID10-16MK N1D10-16MK 2870+ 20yrB.P.  (100.0%) 3000 + 73 cal. yr B.P. (1123-977 B.C.) Outer wood of tree submerged in Clear Lake  Deligne et al.
at depth of 40 m (130 ft) near UTM 10N (2013)
E0580112 N4912933 (WGS1984)
TFJ-213 WSU-449 2990 + 300 yr B.P.  (98.9%) 3144 + 716 cal. yr B.P. (1910-479 B.C.)  Charred roots beneath lava on east side of Champion
(1.1%) 2392 + 28 cal. yr B.P. (470-414 B.C.) Clear Lake (1980)
Sample a N.R.t 3200 +220 yr B.P.  (99.5%) 3394 + 536 cal. yr B.P. (1981-908 B.C.)  Inner wood of sample b described above Benson (1965)
(0.5%) 3956 + 11 cal. yr B.P. (2017-1995 B.C.)
TFJ-205 WSU-372 3850 + 215 yr B.P.  (100.0%) 4270 + 566 cal. yr B.P. (2884-1756 B.C.) Charred root bark surrounded by soil and Chatters (1968)

roots found near Old Santiam Wagon
Road, described as dating the Fish Lake
lava unit of Taylor (1968), referred to as the
Hackleman Creek lava flow in Champion
(1980)

Note: “C dates inconsistent with stratigraphic relations and/or other dating methods presented in this study are italicized and are included for completeness; for more
detailed discussion of these ages, see Sherrod et al. (2004).
*Calibrated age determined with Calib Rev 6.1.0, using calibration curve IntCal 09 (Stuiver et al., 2005; Reimer et al., 2009).

N.R.—not reported.
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University, Pullman (Table DRI1'). Samples
include lava (319 samples), scoria and aggluti-
nate collected at or near vents (13 samples), and
bombs (28 samples); we collected fresh black
unaltered samples when possible. We located
samples on either a 7.5 min quadrant or (start-
ing in 2002) with a handheld GPS device (Table
DR2 [see footnote 1]). Device location errors
for samples collected in 2009 and later are gen-
erally <10 m. We assigned vents to eruptive
units solely on the basis of geochemistry.

A final geologic map was produced in Arc-
Map 10.2.2; contacts were drawn at 1:2500
scale in regions with LiDAR data and 1:10,000
scale elsewhere. Walked contacts were traced
at 1:750, assuming a 6 m possible location
error and (where LiDAR data exist) accounting
for aspect and flow front consistency. Where
LiDAR data were not available, notably in the
vent areas and in the northern Sand Mountain
volcanic field, we used a combination of a
10 m digital elevation model (DEM)—-derived
hillshade map and 0.5 m pixel georeferenced
aerial photography (available from Oregon
Image Explorer, http://oregonexplorer.info/) to
inform unit contact placement. For this reason,
and given the limited amount of time spent in
the northern Sand Mountain volcanic field, we
stress that contacts in areas without LiDAR cov-
erage are approximately located, and thus map-
ping of the northern Sand Mountain volcanic
field should be treated as reconnaissance.

Relative and Quantitative Dating

We used both relative and quantitative dat-
ing techniques to establish eruption chronol-
ogy. Relative ages were established at observed
field contacts or inferred from unit extents such
that continuous lava units were assumed to be
younger than adjacent discontinuous units. We
used three quantitative dating techniques for
single units: existing '“C ages (Table 1), analysis
of paleomagnetic secular variation, and cosmo-
genic *He surface exposure dating (see supple-
mentary file for detailed methods [footnote 1]).

Paleomagnetic samples were collected,
processed, and interpreted using the methods
described in McElhinny (1973). Cosmogenic
SHe surface exposure dating measures the *He
concentration of olivine grains collected within
<4 cm of the surface (Cerling, 1990); olivine
grains were prepared following the procedure in

!GSA Data Repository item 2016130, detailed
quantitative dating method explanation, sample
major- and trace-element concentrations measured by
X-ray fluorescence spectroscopy (XRF; Table DR1),
and sample location and collection details (Table
DR2), is available at http://www.geosociety.org/pubs
/ft2016.htm or by request to editing @ geosociety.org.
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Amidon and Farley (2011). We used Licciardi
et al.’s (1999) calibrated production rate for
the Sand Mountain volcanic field for each site
using the method of Desilets et al. (2006). We
collected samples for XRF analysis at or within
100 m of each paleomagnetic and cosmogenic
sample site to confirm eruptive unit assignment.

Erupted Volumes

Erupted volumes for single lava units were
calculated assuming a uniform lava flow thick-
ness of 10 m, consistent with field observations.
Lava units with discontinuous exposure were
conservatively reconstructed to form one lava
unit, without covering exposed stratigraphi-
cally younger units. Scoria cone volumes were
crudely estimated using the formula for a cone
with equivalent circle radii for the given cone
footprint; we did not account for the volume
excavated by the vent. We estimated lava dense
rock equivalent (DRE) by assuming that lava
density is equal to magma density, and scoria
cone DRE by assuming scoria cone material
density of 1500 kg/m® (McGetchin et al., 1974)
and magma density of 2500 kg/m? (Crosweller
et al., 2012).

RESULTS

Sand Mountain volcanic field lavas and 23
associated identifiable cones cover 76 km? We
identified three main geochemical groups within
the Sand Mountain volcanic field: the Sand,
Nash, and Lost Lake groups. The three groups
contain a total of 13 eruptive units, includ-
ing three “orphan” lavas (no presently exposed
associated vents) and one line of cones without
associated lavas. A unit could include multiple
lavas from different vents. We mapped the south-
ern Sand Mountain volcanic field (Sand group,
covered by LiDAR data) in detail, and the north-
ern Sand Mountain volcanic field (Nash and Lost
Lake groups; Fig. 2) in a more reconnaissance
fashion. All assigned names are informal; for
geographic features and places, we use official
place names unless explicitly stated otherwise.

The Sand group consists of five eruptive
units—Clear Lake South, Clear Lake South A,
Ice Cap, Great Spring, and Clear Lake East—
and includes one line of cones without associ-
ated lava (Clear Lake South A). Farther north,
the Nash group consists of four eruptive units
(Early Nash I, Early Nash II, Nash, and Little
Nash) and includes two orphan lava units (Early
Nash I and II), that is, lavas without identifiable
vents. The Lost Lake group consists of four
eruptive units (Cold Water Cove, Fish Lake, Old
Wagon Road, and Lost Lake), with one orphan
lava unit (Cold Water Cove).

Within the Sand Mountain volcanic field,
near the Lost Lake group, there is an isolated
cone without associated lava (Jack Pine cone),
and lava with limited exposure and no associ-
ated vent (SnoPark lava unit); both lie in a small
area between the Nash and Lost Lake groups.
South of the Sand Mountain volcanic field, there
are two lava units (Tamolitch and Belknap) that
entered the McKenzie River valley but were
sourced at or near Belknap volcano and the
Inaccessible chain of cones; we present detailed
mapping and stratigraphic relations of these
lavas where LiDAR data are available within the
upper McKenzie River catchment.

Petrologic Observations

Petrologic descriptions based on hand sample
and thin-section observations of lava units
mapped in detail (i.e., Sand group lavas and
Cold Water Cove [Lost Lake group], Tamolitch
and Belknap lavas) are provided in Table 2.
Within the Sand group, Clear Lake East lava
is easily distinguishable by the abundance
of plagioclase microphenocrysts, which are
absent in the other Sand group lavas. Differ-
ences among the other Sand group lavas are
more subtle, although Clear Lake South lava
typically has large (<4 mm) olivine crystals.
Within the Lost Lake group, Lost Lake lava has
large (typically ~3 mm, but up to 7 mm) olivine
crystals, with olivine abundances <5%. Fish
Lake lava has groundmass plagioclase and ~1%
large (<4 mm) olivine crystals. Plagioclase is
absent from Old Wagon Road lava, which has
a bimodal size distribution of olivine crystals
(~0.5 mm or 2-3 mm). Within the Nash group,
Early Nash I and II lavas have more olivine
than Nash and Little Nash lavas. South of the
Sand Mountain volcanic field, the Tamolitch
and Belknap lavas can be distinguished by the
abundance of plagioclase and olivine crystals in
Tamolitch lava relative to aphyric Belknap lava.

Geochemistry

Sand Mountain volcanic field lavas are calc-
alkaline basalt, basaltic andesite, and alkaline
basalt (Fig. 3). Unlike some other young lava in
the region (e.g., Deardorff and Cashman, 2012),
single units have homogeneous compositions,
which we used to identify eruptive units (Fig. 3;
Table DR1 [see footnote 1]). Distinguishing ele-
ments are Si0O,, TiO,, MgO, and CaO (major
elements, wt%; Table 3), and Ni, Sr, and Ba
(trace elements, ppm; Table 4).

The Sand group shows the greatest varia-
tion in composition and ranges from basalt to
basaltic andesite. Single Sand group units are
distinguishable from each other on the basis of
Si0,, TiO,, Sr, and Ba concentrations (Fig. 3).
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Figure 2. Geologic map of the Sand Mountain volcanic field and other Holocene lavas of the upper McKenzie River catchment.
Lava units are outlined, and scoria cones are outlined in bold and stippled. Tephra fall deposits are not shown (see Mckay, 2012).
Base map is a shaded relief map constructed from light detection and ranging (LiDAR) data where available and a 10 m digital
elevation model elsewhere. Paleomagnetic (P.M., stars), *He (triangles), and X-ray fluorescence (XRF; circles) sample locations
are shown; note that XRF samples were also collected at paleomagnetic and *He sites. Also shown are key highways (black lines)
and 100 m contour intervals (gray, with bold 500 m contour intervals). Refer to Figure 1C for geographic names.
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TABLE 2. PETROGRAPHIC DESCRIPTIONS OF LAVA MAPPED IN DETAIL

Eruptive unit Phenocrysts

Groundmass

SAND GROUP

Clear Lake East  10%—15% plagioclase, 2% olivine

Plagioclase: mostly laths, up to 2 mm long

Microcrystalline plagioclase
and olivine

Olivine: generally 1 mm diameter, some glomerocrysts

Great Spring 5% olivine, <1.5% plagioclase

Olivine: generally <1 mm, can be up to 3 mm diameter

Plagioclase: mostly laths, small

Ice Cap 3% olivine, <1% plagioclase

Olivine: generally <2 mm, can be up to 3 mm diameter

Highly microcrystalline
plagioclase and olivine

Microcrystalline plagioclase
and olivine

Plagioclase: generally equant (few laths)
Large glomerocrysts of olivine and plagioclase

Clear Lake South 7% olivine, <0.1% plagioclase

Olivine: bimodal size distribution, with submillimeter and

Microcrystalline plagioclase
(abundant) and olivine

1-4-mm-diameter grains; larger grains typically >2 mm

LOST LAKE GROUP
Cold Water Cove 5% olivine, trace plagioclase

Olivine: bimodal size distribution, with submillimeter and

1-2-mm-diameter grains

Highly microcrystalline
plagioclase and olivine

Very glassy

Olivine: generally <1 mm, can be up to 4 mm diameter (rare)

OTHER

Belknap 1% olivine, trace plagioclase
Overall few phenocrysts
Very glassy and vesicular

Tamolitch 10% plagioclase, 5% olivine

Plagioclase: up to 2 mm diameter
Olivine: <1 mm diameter

Very crystalline, although
glass visible

Glomerocrysts of olivine and plagioclase common

Clear Lake East lavas are the most evolved, with
the highest SiO,, Ba, and Sr and lowest TiO,.
Clear Lake South lavas are the least evolved, with
low SiO,, Ba, and Sr and anomalously high TiO,.
The Nash group is entirely basaltic andesite,
and single units are homogeneous in composi-
tion. The Nash group can be distinguished from
the other groups not only by high SiO, content,
but also by high FeO/MgO ratio, low MgO,
TiO,, Ca0O, and Cr concentrations, and different
Ni versus MgO trends. Single units show differ-
ences in Si0,, MgO, Ni, and Sr concentrations.
The Lost Lake group is mostly basalt, and
single units show tight compositional clusters;
it differs from the other groups in its high MgO
content and relatively low FeO/MgO ratio.
Single units show differences in Ba and Sr con-
centrations; Fish Lake lavas have the lowest Ba
and Sr, and the other three units show variations
in Ba at similar Sr values, with Lost Lake lavas
having the highest Ba. Lost Lake lavas also have
the highest K,O concentrations in the group.
SnoPark lava and Jack Pine cone samples
have compositions that are unique in the Sand
Mountain volcanic field. SnoPark lava shares
some similarities with the Lost Lake group and
the Clear Lake South eruptive unit (Sand group),
but it is sufficiently different (e.g., higher Ba and
K,0) to preclude inclusion in those units. The
Jack Pine cone, in contrast, has a composition
that is different from the rest of the Sand Moun-
tain volcanic field in that it is an alkali basalt
with exceedingly high Ba (>1000 ppm) and Sr
(>1300 ppm) concentrations.
South of the Sand Mountain volcanic field,
the Tamolitch and Belknap lavas are low-Sr
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basalts; the two units are distinguishable on the
basis of SiO,, TiO,, CaO, and Ba concentra-
tions. Tamolitch and Belknap lavas are, respec-
tively, less and more evolved. Three samples
from within mapped Belknap (NID10-26MK)
and Tamolitch (NID10-27MK and NID10-
29MK) lavas have similar SiO, and Sr values
but are otherwise chemically different from
these two eruptive units; we refer to these three
samples as “undifferentiated Belknap.” We have
not identified the source of the Tamolitch lavas.

Lava Physical Characteristics

Sand Mountain volcanic field lavas are
broadly characterized by blocky lava mor-
phologies, although limited parts of the Fish
Lake lavas (Lost Lake group) have pahaoehoe
ropes. Lava flow fronts are <15 m thick in the
Ice Cap (Sand group), Fish Lake, Lost Lake,
and Cold Water Cove (Lost Lake group) lavas.
The LiDAR data also highlight a pronounced
levee system (20 m of relief) within Cold Water
Cove lava immediately southeast of Clear Lake
(Fig. 2); the exposed portion of the SnoPark lava
consists primarily of preserved levees. These
observations suggest that during Sand Moun-
tain volcanic field lava flow emplacement, flows
were blocky, thick, and, in many places, con-
trolled by levee systems.

The blocky Clear Lake East lavas are unusual
in the Sand Mountain volcanic field in that no
associated levees have been identified. These
lavas were fed, at least in part, by a lava tube
system exposed at Lucy’s Cavern (44.376°N,
121.946°W). The tube trends S20°E, extends at

least ~150 m, and is, in places, ~8—10 m deep; it
has remarkable drip features and a vaulted roof
that pinches to a narrow elongated top. Addition-
ally, we located the two “vertical pipes” first men-
tioned by Taylor (1965) at 44.378°N, 121.939°W
and 44.378°N, 121.938°W (Nieland’s [1970]
“Moss” and “Century” pits, respectively), with
depths of 19 m and 30 m, respectively (Nieland,
1970). These deep circular pits have an
~1-m-diameter opening situated at the top of two
separate mounds. Also unique to the Clear Lake
East lavas are centimeter-scale alternating bands
of fresh and oxidized lava along most of the mar-
gin with Clear Lake.

In contrast to Sand Mountain volcanic field
lavas, the Tamolitch and Belknap lavas primar-
ily have submeter flow fronts, well-defined
pahoehoe ropes, and pronounced tumuli char-
acteristic of flow inflation. The Tamolitch lava
also contains well-preserved tree molds, some
of which were noted by Stearns (1929). Dur-
ing emplacement, these flows were likely much
thinner and more fluid than their Sand Mountain
volcanic field counterparts.

Age Measurements

Paleomagnetic Constraints

The scatter of Sand Mountain volcanic field
paleomagnetic site mean directions on an equal-
area diagram (Fig. 4A) is remarkably small.
Sites within the Sand, Nash, and Lost Lake
groups record a normal polarity remanent direc-
tion with mean inclination near 50°, and slightly
easterly declinations (Table 5). The similar-
ity among mean directions of the Sand, Nash,
and Lost Lake eruptive groups strongly indi-
cates that they are of the same eruptive age and
span a time interval no longer than a century.
In contrast, results from the Tamolitch basalt
are steeper in inclination, and more westerly
in declination (Fig. 4B). The Tamolitch paleo-
magnetic data show that it is not coeval with
Sand Mountain volcanic field volcanism; strati-
graphic constraints indicate that it is older.

Cosmogenic *He Exposure Age Dating

We determined cosmogenic *He exposure
ages for seven samples in the vicinity of Clear
Lake: one sample each for the Cold Water
Cove, Ice Cap, and Great Spring lavas, and
four for the Clear Lake South lavas (Table 6).
Six of the samples yielded ages between 2.7
and 3.1 ka, with the Clear Lake East and Ice
Cap lava ages consistently younger than those
of the Clear Lake South and Cold Water Cove
lavas. These ages agree with the paleomagnetic
data and stratigraphic relations, both in rela-
tive age and in field constraints, which suggest
lava emplacement over a short period of time.
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(D) Ni vs. MgO. (E) TiO, vs. SiO,
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The seventh sample, from Clear Lake South
lava, has an age of 7.4 ka, which is inconsistent
with both stratigraphic relations established at
numerous places across the Sand Mountain vol-
canic field and with internal Clear Lake South
lava lobe stratigraphy (i.e., the 7.4 ka lava lobe
overlies a ca. 3 ka lava lobe). For this reason, we
assume that the date is incorrect.

Stratigraphic Relations

We established stratigraphic relations (Fig. 5)
for all contacts within the LiDAR-mapped
region on the basis of targeted field observa-
tions, and elsewhere though a combination
of field observations and map relationships.
“Orphan” lavas do not have an exposed vent.

In the Nash group, Early Nash I appears to
be the oldest, because it is covered by the other
three eruptive units. It, along with Early Nash
II, is an orphan lava unit. Early Nash II under-
lies both Nash and Little Nash, but it surrounds
SnoPark levees and is presumably younger.
Stratigraphically, it is unclear which of Nash or
Little Nash is younger. Nash group lavas overlie
Great Spring lavas (Sand group) and the Fish
Lake, Old Wagon Road, and Lost Lake lavas
(Lost Lake group).

Clear Lake East lavas overlie all other Sand
group lavas. Clear Lake South lavas underlie
Ice Cap lavas. No contacts are exposed between
Great Spring lavas and either the Clear Lake
South or Ice Cap lavas, although north of Clear
Lake, a small exposure of Old Wagon Road lava
(Lost Lake group) underlies Great Spring lavas.
West of Fish Lake, a small exposure of Great
Spring lava is underneath both Nash and Early
Nash II lavas (Nash group) and above Fish Lake
lavas (Lost Lake group). The Clear Lake South
A vents are surrounded and partially buried by
Great Spring lavas.

Differences in soil and associated vegetation
cover (Deligne et al., 2013) provide a further
clue in deciphering the chronology of the Nash
and Sand groups: In the southern Sand Moun-
tain volcanic field, mature forests exist on lavas
covered with Sand Mountain volcanic field
tephra (Cold Water Cove, Clear Lake South, Ice
Cap, and Great Spring lavas), whereas younger
lavas without tephra are relatively barren (Nash,
Little Nash, and Clear Lake East lavas). Soil on
Cold Water Cove, Clear Lake South, and Clear
Lake East lavas (the latter in a localized vege-
tated area near the vent area) consists of one or
two tephra layers, but beyond having general
geochemical Sand Mountain volcanic field
characteristics, tephra layer compositions did
not match specific eruptive units (Deligne et al.,
2013). Early Nash I and II, Lost Lake group,
and SnoPark lavas in the northern Sand Moun-
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TABLE 3. ERUPTIVE UNIT RANGE OF NORMALIZED MAJOR-ELEMENT
WEIGHT PERCENT CONCENTRATIONS

Eruptive unit (N)

Metric Sio, TiO, A,LO, FeO MnO MgO CaO Na,0O K,O P,0O,
NASH GROUP
Little Nash (16)
Min 52.72 1305 17.61 8.15 0.141 588 8.22 3.51 0.78 0.399
Mean 5298 1.313 17.78 840 0.142 5.99 8.38 3.79 0.81 0.404
Max 53.18 1.330 17.89 8.64 0.143 6.27 8.53 3.87 0.83 0.410
Range 0.46 0.025 028 049 0.003 0.39 0.31 0.36 0.05 0.012
Stdev 0.12  0.006 0.07 0.16 0.001 0.08 0.08 0.09 0.01 0.004
Nash (38)
Min 52.65 1.278 17.81 7.74 0.135 5.64 8.46 3.73 0.79 0.379
Mean 53.01 1.309 1797 821 0.138 5.75 8.55 3.85 0.82 0.395
Max 53.37 1.347 1810 854 0.142 587 8.64 3.92 0.85 0.413
Range 0.72 0.069 029 080 0.007 0.23 0.18 0.19 0.06 0.035
Stdev 0.17 0.018 0.07 0.18 0.002 0.06 0.05 0.04 0.01 0.010
Early Nash Il (8)
Min 53.64 1232 17.79 740 0.127 5.38 8.62 3.65 0.80 0.350
Mean 53.74 1.251 17.93 7.62 0.129 5.58 8.70 3.88 0.82 0.364
Max 53.83 1.274 18.09 781 0.137 5.73 8.76 3.96 0.83 0.395
Range 0.19 0.043 0.30 041 0.011 0.35 0.14 0.31 0.03 0.045
Stdev 0.08 0.015 0.1 0.14 0.004 0.10 0.05 0.10 0.01 0.014
Early Nash | (13)
Min 53.32 1238 17.75 758 0.128 554 8.64 3.80 0.79 0.351
Mean 53.54 1263 1795 7.74 0131 5.63 8.70 3.87 0.80 0.362
Max 53.66 1.293 18.07 792 0.134 5.68 8.76 3.92 0.83 0.379
Range 0.34 0.055 0.32 035 0.007 0.14 0.12 0.12 0.04 0.028
Stdev 0.11  0.019 0.09 0.1 0.002 0.04 0.04 0.04 0.01 0.008
SAND GROUP
Clear Lake East (40)
Min 53.04 1284 1732 747 0.131 5.61 8.98 3.55 0.82 0.377
Mean 53.32 1295 1755 776 0.134 5.93 9.06 3.71 0.85 0.384
Max 53.52 1.305 17.77 800 0.138 6.46 9.20 3.85 0.89 0.392
Range 0.47  0.021 045 052 0.007 0.85 0.23 0.30 0.06 0.014
Stdev 0.12  0.005 0.12 0.14 0.002 0.18 0.04 0.07 0.01 0.004
Great Spring (33)
Min 52.17 1.287 17.00 7.51 0.135 5.73 9.03 3.20 0.88 0.372
Mean 52.66 1.321 1729 798 0.142 6.46 9.32 3.50 0.95 0.388
Max 53.34 1364 17.76 828 0.153 7.01 9.67 3.71 1.01 0.416
Range 1.18 0.077 0.76 0.77 0.018 1.29 0.64 0.51 0.13 0.045
Stdev 0.36  0.019 020 0.22 0.004 0.41 0.14 0.1 0.03 0.009
Ice Cap (36)
Min 51.73 1373 1696 7.70 0.141 5.89 9.55 3.23 0.97 0.362
Mean 52.05 1.406 17.20 8.09 0.144 6.62 9.74 3.36 1.01 0.376
Max 52.58 1.485 17,53 832 0.150 7.09 10.03 3.48 1.04 0.411
Range 0.85 0.112 0.57 062 0.009 1.20 0.49 0.25 0.06 0.049
Stdev 0.24 0.023 0.19 0.16 0.002 0.40 0.12 0.06 0.01 0.008
Clear Lake South A (3)*
RC03-49 5198 1561 1746 813 0.146 6.10 10.04 3.24 0.96 0.389
RC03-50 51.84 1572 17.32 819 0.145 6.21 10.09 3.25 1.00 0.378
RC04-25 51.73 1559 17.31 8.32 0.145 6.24 9.98 3.34 0.99 0.382
Clear Lake South (55)
Min 50.93 1.537 16.56 8.21 0.145 6.42 9.43 3.20 0.79 0.350
Mean 51.14 1588 16.81 857 0.148 7.53 9.66 3.34 0.84 0.369
Max 51.65 1.647 17.27 8.77 0.152 799 10.06 3.47 0.94 0.393
Range 0.73 0.109 0.71 0.57 0.007 1.57 0.63 0.27 0.15 0.043
Stdev 0.14 0.026 0.12 0.12 0.002 0.29 0.16 0.06 0.04 0.009
(continued)

tain volcanic field also host mature forests. We
used these findings to infer that all currently
barren Sand Mountain volcanic field lava units
postdate Sand Mountain volcanic field explo-
sive activity. Conversely, these observations
constrain the timing of the explosive phase of
eruptive activity.

In the Lost Lake group, Fish Lake lavas under-
lie Lost Lake lavas and the Nash group, whereas
Old Wagon Road lavas underlie the Great Spring

unit (Sand group). Lost Lake lavas underlie the
Nash group and surround SnoPark levees and are
presumably younger. Due to poor field exposure
of contacts and inconclusive map relationships,
we could not determine the relation between the
Old Wagon Road and Lost Lake lava units. Cold
Water Cove lavas underlie all Sand group lavas
and have no exposed lava contacts with units
from either the Nash or Lost Lake groups. The
Jack Pine cone has no associated lava but is over-
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TABLE 3. ERUPTIVE UNIT RANGE OF NORMALIZED MAJOR-ELEMENT
WEIGHT PERCENT CONCENTRATIONS (continued)

Eruptive unit (N)

Metric SiO, TiO, AlLO, FeO MnO  MgO CaO Na,O K,O P,O,
LOST LAKE GROUP

Lost Lake (24)

Min 4998 1.340 16.53 8.63 0.151 8.24 8.82 3.10 0.71 0.324
Mean 50.45 1.437 16.71 8.91 0.154 8.59 9.28 3.27 0.85 0.347
Max 51.16 1.474 16.83 9.09 0.159 9.18 9.51 3.43 0.94 0.359
Range 1.18 0.133 0.30 046 0.008 0.94 0.69 0.33 0.22 0.035
Stdev 0.27 0.034 0.07 0.13 0.002 0.23 0.14 0.08 0.06 0.009
Old Wagon Road (10)

Min 51.05 1.442 16.70 8.48 0.146 7.72 9.33 3.30 0.73 0.336
Mean 51.24 1465 16.82 859 0.149 7.87 9.41 3.36 0.75 0.342
Max 51.41 1493 16.99 884 0.155 8.19 9.51 3.43 0.76 0.354
Range 0.36 0.051 029 036 0.009 0.47 0.17 0.13 0.03 0.018
Stdev 0.11  0.018 0.08 0.11 0.002 0.14 0.07 0.04 0.01 0.005
Fish Lake (21)

Min 50.41 1.402 16.60 847 0.150 8.26 8.97 3.28 0.66 0.320
Mean 50.65 1.447 16.79 8.87 0.154 8.50 9.15 3.36 0.73 0.341
Max 50.96 1.474 16.94 9.08 0.157 8.68 9.32 3.46 0.83 0.364
Range 0.55 0.072 0.34 061 0.007 0.42 0.35 0.18 0.17 0.045
Stdev 0.15 0.019 0.08 0.19 0.002 0.10 0.09 0.05 0.05 0.013
Cold Water Cove (11)

Min 50.93 1.373 16.91 851 0.148 7.76 9.08 3.29 0.70 0.343
Mean 5115 1.386 17.02 869 0.152 7.89 9.20 3.36 0.79 0.361
Max 51.32 1.403 17.14 8.94 0.157 8.12 9.31 3.46 0.83 0.375
Range 0.39 0.030 023 044 0.009 0.36 0.22 0.17 0.13 0.033
Stdev 0.12 0.011 0.08 0.13 0.003 0.10 0.06 0.05 0.05 0.010
OTHER SAND MOUNTAIN VOLCANIC FIELD

SnoPark (3)*

RC03-57 50.89 1525 16.36 9.17 0.157 8.08 8.82 3.48 1.04 0.480
RC11-11 50.76 1519 16.25 9.38 0.156 8.20 8.75 3.46 1.05 0.483
RC12-08 50.90 1.501 16.26 898 0.155 8.34 8.75 3.54 1.09 0.481
Jack Pine (2)*

RC04-34 50.70 1.531 1580 863 0.145 8.46 9.40 3.30 0.618
RC12-06 50.32 1.547 1581 8.83 0.148 8.60 9.36 3.38 0.632
OTHER

Belknap (17)

Min 51.33 1.346 16.80 853 0.148 7.79 8.48 3.43 0.69 0.306
Mean 5151 1.373 16.94 882 0.150 8.02 8.64 3.51 0.72 0.312
Max 5196 1.386 17.13 894 0.151 8.23 8.72 3.60 0.77 0.332
Range 0.63 0.040 0.33 041 0.004 0.44 0.24 0.16 0.08 0.026
Stdev 0.18 0.012 0.09 0.1 0.001 0.1 0.06 0.04 0.03 0.007
Inaccessible cones (3)*

SHE95-TFJ23 51.30 1.325 17.39 866 0.160 7.84 9.10 3.36 0.59 0.294
SHE95-TFJ24 51.29 1.340 1751 861 0.161 7.73 9.17 3.29 0.59 0.295
SHE95-TFJ25 51.35 1.311 17.42 9.04 0.159 7.62 9.08 3.17 0.57 0.277
Undifferentiated Belknap (3)*

NID10-26MK 5467 1108 16.74 793 0.135 6.81 7.66 3.65 1.03 0.280
NID10-27MK 50.61 1.628 1752 9.34 0.165 6.61 9.46 3.59 0.70 0.394
NID10-29MK 50.92 1.581 1759 9.12 0.160 6.54 9.47 3.55 0.69 0.379
Tamolitch (11)

Min 49.77 1459 1699 907 0.158 795 932 314 062 0.324
Mean 50.03 1.502 1712 9.32 0.161 8.14 9.49 3.24 0.65 0.336
Max 50.37 1.541 17.24 9.46 0.163 8.50 9.64 3.36 0.68 0.361
Range 0.59 0.083 025 039 0.006 0.55 0.31 0.22 0.06 0.037
Stdev 0.20 0.021 0.08 0.11 0.002 0.17 0.09 0.07 0.02 0.012
Instrument error (25) 0.19 0.012 0.08 0.18 0.002 0.073 0.04 0.04 0.02 0.003

Note: Major elements are normalized on a volatile-free basis; total Fe is expressed as FeO. N—number of
rock analysis attributed to the unit and may include duplicate beads (see Tables DR1 and DR2 [text footnote 1]).
Min—minimum; max—maximum; Stdev—standard deviation.

*Results of analyses for units with three or fewer samples are provided in lieu of a summary.

lain by Old Wagon Road lavas. We suspect that it
is the oldest of all the units.

South of the Sand Mountain volcanic field
and Carmen Reservoir, Tamolitch lavas fill the
McKenzie River valley, and Tamolitch Pool
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emerges from beneath Tamolitch lavas. Tamo-
litch lavas underlie Clear Lake South and Clear
Lake East lavas. Initially, we considered the
Inaccessible cones to be the most likely source,
but samples from these cones have composi-

tions that match neither the Tamolitch nor
Belknap lavas. Belknap lavas overlie Tamolitch
and Clear Lake South lavas, and, according to
Sherrod et al. (2004), also overlie Clear Lake
East lavas, consistent with their young age.

Volume Estimates

Sand Mountain volcanic field lavas and
scoria cones represent a DRE volume of at least
0.9 km?; reconstructed lava flow extents sug-
gest a DRE volume of 1.2 km® (Table 7). The
reconstructed Sand group is the most volumi-
nous (0.64 DRE km?), followed by the Lost
Lake (0.30 DRE km?®) and Nash (0.22 DRE
km?) groups. There is no systematic increase or
decrease in unit DRE over Sand Mountain vol-
canic field emplacement.

DISCUSSION

In this section, we first discuss the sequence
of Holocene volcanic activity in the upper
McKenzie River catchment, focusing on the
Sand Mountain volcanic field cluster. We then
examine geochemical trends, and we show that,
despite evidence that the three Sand Mountain
volcanic field groups were emplaced over only a
few decades, at least two, likely three, different
magma sources were tapped. We then discuss
evidence for vent reoccupation and migration,
review the “volcanic field” designation for the
Sand Mountain volcanic field, and use our find-
ings to assess possible hazards of central Oregon
Cascades volcanism.

Sequence of Eruptive Activity

The oldest mapped unit is the Tamolitch
lava south of the Sand Mountain volcanic field,
which entered the McKenzie River valley south
of present-day Carmen Reservoir. This lava
was erroneously mapped by Taylor (1965) and
Sherrod et al. (2004) as late-stage Belknap
lava; instead, we determined that it underlies
young Belknap lava and suspect it is consider-
ably older. This assessment was confirmed by
comparison with geomagnetic secular variations
for the Holocene of the western United States
(Hagstrum and Champion, 2002). Although
remanent directions from sites at other western
U.S. volcanoes compare adequately to Tamo-
litch at ca. 4300, ca. 7400, and ca. 10,130 '“C
yr B.P, the best direct comparison is to sites in
lavas erupted from the Newberry volcano north-
west rift zone at ca. 7 ka (Mckay et al., 2009).
We thus attribute an age of ca. 7 ka to the Tamo-
litch unit.

On the basis of paleomagnetic data, Sand
Mountain volcanic field units were emplaced
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within no more than a few decades; cosmogenic
and 'C ages indicate the eruptions occurred
at ca. 3 ka. Cosmogenic dates for the oldest
and youngest lava units (Cold Water Cove and
Clear Lake East lavas, respectively) yield ages
of ca. 2.9 ka. A short eruptive time scale was
confirmed by examination of intermediate units,
which have similar cosmogenic dates. We do
not consider the anomalous 7.4 ka sample age
from Clear Lake South lavas, as it is stratigraph-
ically implausible.

SnoPark lavas have no associated vent but
underlie the Nash group and the Lost Lake unit.
Interestingly, the geochemical composition of
tephra at the base of the Sand Mountain vol-
canic field tephra fall deposit is most similar to
SnoPark lavas (Mckay, 2012), which suggests
that the SnoPark unit was emplaced at the start
of either Sand Mountain volcanic field vol-
canism or Sand Mountain volcanic field explo-
sive activity. The remainder of the tephra deposit
is similar to Lost Lake, Sand, and Nash group
compositions, although direct comparisons are
challenging because tephra compositions were
based on glass analyses, and our compositional
data are whole-rock analyses.

Stratigraphically, the Lost Lake group (Cold
Water Cove, Fish Lake, Old Wagon Road, and
Lost Lake units) appears to be the oldest of the
Sand Mountain volcanic field (Fig. 6); spatially,
this group extends at minimum from Clear Lake
to Lost Lake. Within the Lost Lake group, the
Fish Lake unit preceded the Lost Lake unit; we
were unable to establish other intergroup strati-
graphic relationships (Fig. 6). However, because
the Cold Water Cove unit is an orphan lava, indi-
cating that its source has either been buried or
reoccupied, we hypothesize that Cold Water
Cove lavas are the oldest of the Lost Lake group.

Although both the Nash and Sand groups
overlie the Lost Lake eruptive units, there is lim-
ited stratigraphic control between the two. Since
both the Nash and Sand groups have barren and
vegetated lavas (i.e., covered with Sand Moun-
tain volcanic field tephra soils; Deligne et al.,
2013), with the contact between barren and
vegetated areas coincident with unit boundaries,
it appears these two groups were active concur-
rently. Interestingly, vents associated with the
Nash and Sand groups are aligned along three
different trends (Fig. 6), and the alignment of
Clear Lake South A vents (N11°W) is closer to
that of the Nash group (N18°W) than the Sand
group (N5°E). The Great Spring unit underlies
the earliest Nash units, which indicates that the
Nash group is younger than at least the Great
Spring, Clear Lake South A, and Clear Lake
South units.

We propose therefore that the Clear Lake
South eruption started along multiple vents
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TABLE 4. ERUPTIVE UNIT RANGE OF TRACE-ELEMENT CONCENTRATIONS (PPM)

Eruptive unit (N)

Metric Ni Cr Sc V Ba Rb Sr Zr Y Nb GaCu Zn Pb La Ce Th Nd U
NASH GROUP
Little Nash (16)
Min 125 115 20 174 348 8 736 161 22 108 19 38 90 2 15 39 0 23 0
Mean 132 122 21 177 354 10 752 166 24 121 20 56 93 519 43 1 25 1
Max 148 131 21 181 360 10 764 170 25 132 20 62 96 7 21 50 2 27 2
Range 23 16 2 7 12 2 27 8 3 24 2 24 6 4 6 11 3 4 2
Stdev 6 5 1 2 3 1 7 3 1 07 1 6 2 1 2 3 1 11
Nash (38)
Min 102 101 20 168 342 8 733 151 21 91 18 47 87 3 14 36 0 21 0
Mean 111 108 21 177 351 10 819 166 23 11.7 20 56 91 4 18 44 2 25 1
Max 127 117 22 181 365 11 875 175 25 13.1 22 64 95 7 22 48 3 28 2
Range 25 16 3 13 23 142 24 4 40 4 17 8 4 812 3 7 2
Stdev 6 31 2 51 3 61 081 3 2 1 2 31 11
Early Nash Il (8)
Min 77 80 19 165 326 8 989 148 19 92 19 46 82 4 16 37 0 21 O
Mean 85 98 20 171 334 9 1011 152 21 104 20 57 84 5 19 41 2 23 1
Max 92 111 21 177 340 9 1031 156 22 114 21 65 8 6 21 47 3 26 1
Range 15 31 2 12 14 1 42 8 3 22 2 19 4 2 510 3 5 1
Stdev 4 10 1 4 5 0 13 31 071 6 1 1 2 31 20
Early Nash | (13)
Min 86 99 20 170 330 7 898 148 20 8.6 19 53 84 3 1536 0 22 0
Mean 91 106 21 176 338 9 940 154 21 10.6 20 59 86 4 18 42 2 24 1
Max 99 110 22 182 346 10 992 161 23 11.7 21 63 89 7 20 45 3 26 2
Range 13 11 3 12 16 3 94 183 3 31 2 10 5 4 5 9 3 4 2
Stdev 3 31 3 51 33 41 081 3 1 1 2 31 11
SAND GROUP
Clear Lake East (40)
Min 71 112 21 168 332 7 1018 147 20 92 19 35 80 3 17 41 0 22 O
Mean 79 132 23 175 353 9 1075 158 22 11.2 20 59 84 521 48 1 26 1
Max 87 161 24 179 374 11 1093 168 24 124 22 64 87 7 25 54 3 30 3
Range 16 49 3 11 43 3 75 21 4 32 3 29 7 4 813 3 8 3
Stdev 4 13 1 3 9 1 15 51 07 1 4 2 12 3 1 2 1
Great Spring (33)
Min 64 121 23 177 380 8 1004 146 21 9.0 18 24 80 3 18 42 0 23 0
Mean 85 166 25 186 399 10 1036 156 23 11.7 19 60 83 5 21 48 1 27 1
Max 107 208 27 197 411 12 1079 165 25 13.1 21 81 87 7 24 54 3 30 2
Range 43 8 4 21 31 4 75 19 4 41 4 57 7 4 712 3 7 2
Stdev 12 27 A1 6 9 1 17 5 1 11 1 9 2 1. 2 31 11
Ice Cap (36)
Min 57 129 26 184 385 8 980 142 22 10.2 17 50 76 31540 0 22 0
Mean 82 171 28 197 400 10 1024 150 24 12,6 18 62 80 5 20 45 1 26 1
Max 102 203 29 207 418 12 1048 157 26 147 20 68 85 7 24 52 3 29 3
Range 45 74 3 23 33 4 68 15 4 45 4 18 9 4 912 3 7 8
Stdev i5 26 1 4 71 16 4 1 121 3 2 1 2 3 1 2 1
Clear Lake South A (3)*
RC03-49 63 139 28 201 394 11 969 156 26 13.6 17 26 83 4 22 48 2 26
RC03-50 70 154 29 205 378 11 918 156 26 139 20 64 81 31 21 51 2 27
RC04-25 70 154 28 205 379 10 888 145 23 136 18 63 76 5 21 46 2 27
Clear Lake South (55)
Min 76 167 25 182 269 9 775 141 21 122 16 43 77 2 14 37 0 21 0
Mean 126 240 27 200 296 11 850 151 24 148 18 60 82 6 18 43 2 24 1
Max 150 280 28 208 351 12 932 159 26 16.3 21 80 186 154 22 53 3 29 3
Range 74 113 3 26 82 157 18 4 41 5 38 110 152 8 16 3 8 3
Stdev 15 21 1 4 25 1 46 3 1 12 1 5 14 20 2 3 1 2 1
(continued)

along the Sand alignment, which, at N5°E, is
aligned slightly west of the Lost Lake align-
ment (N7°E). This misalignment suggests that a
syneruptive change in the stress field may have
allowed the Clear Lake South A vents to open to
the north and along a more northwestern align-
ment (N11°W). Subsequent emplacement of the
Great Spring unit resulted in the northern end
of the Sand group alignment intersecting the
southern end of the Lost Lake group alignment

(Fig. 6). Activity in the northern Sand group
(Great Spring unit) was followed by volcanism
further to the north, in the form of Early Nash
I and II, which most likely erupted from vents
(now buried or subsequently reoccupied) along
the N18°W Nash alignment. The Ice Cap unit
erupted along the southern Sand alignment
before, during, or slightly after the Great Spring
and/or Early Nash I and II units; in the next sec-
tion, we use geochemical trends to argue that the
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TABLE 4. ERUPTIVE UNIT RANGE OF TRACE-ELEMENT CONCENTRATIONS (PPM) (continued)

Eruptive unit (N)

Metric Ni Cr Sc V Ba Rb Sr

Zr Y Nb GaCu Zn Pb La Ce Th Nd U

LOST LAKE GROUP
Lost Lake (24)

Min 170 323 25 181 317 8 626 119 21 7.0 15 43 76 212 26 0 20 O
Mean 182 348 27 201 352 10 689 135 24 106 17 63 80 4 15 35 2 22 1
Max 205 394 28 211 383 11 734 145 26 124 19 78 84 12 18 41 3 26 2
Range 34 71 3 29 66 108 26 5 54 3 3 8 10 7 15 3 6 2
Stdev 9 19 1 7 20 1 26 7 1 12 1 6 2 2 2 31 11
Old Wagon Road (10)
Min 135 273 25 183 264 8 718 135 21 102 17 56 78 3 13 28 0 19 O
Mean 142 282 27 194 273 9 739 145 23 11.2 18 60 80 4 16 38 1 21 1
Max 162 310 27 199 279 10 763 152 25 13.0 19 64 82 6 18 43 2 24 2
Range 27 37 2 16 15 2 45 17 4 28 2 8 5 3 515 3 5 2
Stdev 8 11 1 5 5 1 15 51 09 1 2 1 1 2 4 1 2 1
Fish Lake (21)
Min 167 311 24 188 243 8 570 129 22 9.9 16 48 77 2 12 28 0 19 0
Mean 179 325 27 199 270 9 615 140 24 115 17 61 80 3 15 35 1 21 1
Max 186 346 28 204 316 11 698 148 25 13.0 19 65 83 7 18 44 3 23 2
Range 19 3 4 16 73 3 128 19 3 31 3 177 6 5 6 16 3 4 2
Stdev 4 71 4 211 28 4 1 081 4 2 1 2 4 1 11
Cold Water Cove (11)
Min 139 269 26 188 283 8 692 134 24 89 16 44 79 2 13 33 0 20 O
Mean 148 279 27 194 310 9 727 142 25 104 18 58 81 3 16 37 1 23 1
Max 159 288 28 202 328 10 765 149 26 12.0 20 64 84 4 18 41 3 25 3
Range 20 19 2 14 45 2 73 15 2 31 4 20 5 2 5 8 3 5 3
Stdev 6 6 1 4 18 1 26 4 1 111 6 1 0 2 3 1 1 1
OTHER SAND MOUNTAIN VOLCANIC FIELD
SnoPark (3)*
RC03-57 185 313 25 157 499 10 884 168 28 10.3 18 47 89 5 21 50 3 27
RC11-11 187 308 24 183 509 11 925 169 26 124 17 59 93 4 20 47 2 28 1
RC12-08 195 316 24 197 525 11 944 172 27 118 18 59 93 3 18 49 3 28 1
Jack Pine (2)*
RC04-34 201 352 24 1911081 18 1343 193 22 7.9 19 67 91 6 37 84 4 49
RC12-06 193 345 25 197 1036 18 1422 211 25 116 20 59 95 7 34 87 4 46 1
OTHER
Belknap (17)
Min 169 284 24 174 206 10 464 129 24 120 17 59 77 1 9 28 0 16 O
Mean 179 299 25 192 249 11 493 133 24 127 18 67 82 3 14 30 1 18 1
Max 190 313 26 196 270 13 507 139 25 149 19 76 84 4 23 36 2 20 2
Range 21 29 2 22 64 3 43 10 2 29 3 17 7 314 8 2 4 2
Stdev 5 71 5 14 1 14 3 1 071 4 2 1 3 2 1 10
Inaccessible cones (3)*
SHE95-TFJ23 141 257 30 205 247 7 448 109 22 9.1 18 54 76 1 016 1
SHE95-TFJ24 142 253 28 201 244 8 456 113 21 83 21 55 80 0 0 34 1
SHE95-TFJ25 136 247 28 202 239 6 450 106 21 82 21 51 80 1 14 25 0
Undifferentiated Belknap (3)*
NID10-26MK 155 253 21 161 332 20 474 138 23 112 18 59 79 5 16 33 3 17 0
NID10-27MK 90 164 29 229 268 10 495 154 27 13.8 19 62 84 3 14 33 2 20 1
NID10-29MK 88 170 29 222 246 9 499 149 27 141 19 58 83 2 13 34 1 19 1
Tamolitch (11)
Min 141 278 28 211 199 9 437 126 23 134 17 52 76 1 10 25 1 15 O
Mean 150 290 29 221 210 10 448 131 24 148 18 59 80 2 14 30 1 17 1
Max 164 310 31 229 219 10 453 137 25 157 20 64 85 4 17 32 2 20 2
Range 23 33 3 18 20 1 16 11 2 23312 9 3 7 7 1 5 2
Stdev 6 8 1 5 6 1 5 41 061 4 2 1 2 2 1 1 1
Instrument error 26) 4 3 2 5 12 2 5 4 1 12 38 7 3 3 6 8 2 4 2
Note: N—number of rock analysis attributed to the unit and may include duplicate beads (see Tables DR1 and

DR2 [text footnote 1]). Min—minimum; max—maximum; Stdev—standard deviation.
*Results of analyses for units with three or fewer samples are provided in lieu of a summary.

Ice Cap unit erupted slightly before the Great
Spring unit. Explosive activity then deposited
tephra on emplaced lavas (and providing the
soil base for future forests; Deligne et al., 2013)
before eruption of the Clear Lake East lavas.
At about the same time as the Clear Lake East
eruption, the Nash group reactivated to produce
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the Nash and Little Nash units. Charcoal under-
neath tephra attributed by previous workers to
Nash and Little Nash has been dated to 2687 +
353 cal yr B.P. (Table 1; Sherrod et al., 2004),
although only the upper bound is within the time
constraints permitted by the ca. 3 ka paleomag-
netic ages presented in this study.

The last lava to erupt in the upper McKen-
zie River catchment was the Belknap lava at
ca. 1.5 ka (Table 1). Belknap lava entered the
McKenzie River valley but did not reach the river.

The results presented in this study and recent
tephrochronology (Mckay, 2012) are inconsis-
tent with many “C dates collected 30-50 yr
ago (e.g., Chatters, 1968), dates that typically
were derived from charcoal mixed in soil col-
lected at the base of a lava unit or tephra layer.
For example, the Jack Pine vent was assigned
a "C date of 2265 = 79 cal yr B.P. (Chatters,
1968; Table 1) based on charcoal found beneath
Jack Pine scoria; this date would imply that the
Jack Pine cone is one of the youngest units in
the region. Although it is postglacial (i.e., Holo-
cene), it is clearly surrounded by Old Wagon
Road lavas (Lost Lake group). It is also com-
positionally distinct from other Sand Mountain
volcanic field lavas. We thus suggest that con-
trary to Chatters’s (1968) '“C date, the Jack Pine
cone predates the Lost Lake group and conse-
quently the rest of the Sand Mountain volcanic
field. Similar “C age contradictions exist for
Fish Lake lavas (Table 1). We suggest, however,
that our combined use of paleomagnetic and
cosmogenic exposure age dating firmly places
eruption of the main Sand Mountain volcanic
field at ca. 3 ka, and that the Sand Mountain
volcanic field is bracketed by older eruptions of
the Jack Pine and Tamolitch (ca. 7 ka) units and
younger Belknap eruptions (ca. 1.5 ka).

Geochemical Trends

We used geochemical data primarily as a
mapping aid; for this reason, we do not provide
a detailed analysis of the geochemical data of
the Sand Mountain volcanic field; indeed, defi-
nite conclusions would require isotope data,
which we did not collect. However, the geo-
chemistry provides interesting insights into
the magma tapped to form the Sand Mountain
volcanic field, and it has important implica-
tions for future episodes of mafic volcanism in
the central Oregon Cascades. Critically, despite
the short eruptive time frame, Sand Mountain
volcanic field units could not have been derived
from a single upper-crustal magma reservoir.
Whether the geochemical variability reflects dif-
ferent mantle sources, or different fractionation-
assimilation-equilibration paths in the crust, is
beyond the scope of this paper. We note, how-
ever, that a recent study found that the Sand
Mountain lavas are isotopically heterogeneous
(Mitchell and Asmerom, 2011).

Not surprisingly, lavas from Tamolitch
(unknown source), Belknap, and Inaccessible
cones are geochemically distinct from units
within the Sand Mountain volcanic field. These
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Figure 4. Part of a lower-hemisphere equal-area projection showing (A) site mean directions
of remanent magnetization and ovals of 95% confidence from paleomagnetic sites sampled
within the Sand Mountain volcanic field, and (B) mean remanent directions and ovals of
95% confidence for the Sand, Nash, and Lost Lake eruptive groups, compared to the site

mean for the Tamolitch lava unit.

southern units are more mafic and have low Sr
concentrations (Fig. 3). In this sense, they resem-
ble lavas erupted from North Sister volcano (e.g.,
Schmidt and Grunder, 2009), which lies south of
Belknap volcano.

Within the Sand Mountain volcanic field, the
Nash group is the most distinctive. At 52.5-54
wt% Si0,, it has, overall, the most silicic com-
positions in the Sand Mountain volcanic field.
The units are anomalous in their low CaO
and low TiO,, as well as the inverse relation-
ship between TiO, and Sr (and also Ba and Sr;
Fig. 3). More curious is the enrichment in Ni rel-
ative to Cr when compared with MgO (Tables 3
and 4). This Ni enrichment precludes a common
parent magma with the rest of the Sand Moun-
tain volcanic field, as neither fractional crystalli-
zation nor crustal assimilation can cause simul-
taneous enrichment in Ni and SiO,; indeed, it
is not possible to have two different trends of
Ni versus MgO by fractional crystallization of
a single parent magma (Hart and Davis, 1978).
Thus, we infer that the Nash group must have
come from a different source than the rest of the
Sand Mountain volcanic field. The Nash group
also has a different vent alignment than the rest
of the field (Fig. 6).

The Lost Lake and Sand groups appear
closely related. The fact that the Lost Lake
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group, which erupted first, is more primitive
than the Sand group suggests a trend of magma
evolution with time. Within the Sand group, the
Clear Lake South eruptive unit has unusually
high TiO, and is one of the most heterogeneous
units in the field, which may reflect a more com-
plicated mixing and/or assimilation history than
seen in the rest of the group. The two units sand-
wiched between the Clear Lake South (below)
and Clear Lake East (above) eruptive units,
Ice Cap and Great Spring, are very similar; the
Great Spring unit transitional is between the Ice
Cap and Clear Lake East eruptive units in both
TiO, and CaO concentration. From this trend,
we suggest that the Ice Cap unit erupted before
the Great Spring unit. Overall, geochemical
trends in the Sand group could be explained by
eruption from a single magma body, but one
that became more evolved with time, and may
be related to magma of the Lost Lake group.
Interestingly, the two groups have close vent
alignments, with vents aligned N7°E in the Lost
Lake group and N5°E in the Sand group; the
alignments intersect beneath present-day Sand
Mountain.

The presence of plagioclase micropheno-
crysts in Clear Lake East lavas suggests that
either the magma stalled for a short time
(days to a few weeks) en route to the surface

and/or ascended more slowly than earlier mag-
mas (e.g., Erlund et al., 2010). Despite having
the highest crystal concentration, Clear Lake
East lavas are not unusually enriched in com-
patible major and/or trace elements, suggest-
ing the crystals grew in the magma rather than
being entrained.

The Jack Pine cone in the northern Sand
Mountain volcanic field has a very distinc-
tive geochemical signature: It is an absarokite.
Absarokites are rare in the Cascades, and this
points to a unique mafic magma source that can-
not be related to calc-alkaline basalts via either
fractional crystallization or crustal assimila-
tion (Bacon, 1990; Bacon et al., 1997; Conrey
et al., 1997). Schmidt et al. (2008) showed that
absarokites are limited to the Cascades forearc,
and within the Central segment (spanning the
Sand Mountain volcanic field); this composition
may have originated from old metasomatized
mantle, consistent with the elevated Sr and Ba
concentrations (Bacon et al., 1997). Addition-
ally, the high Ba/Nb ratio (~137, compared with
<21 for the Sand Mountain volcanic field) of the
Jack Pine samples suggests a strong arc-like sig-
nature (Pearce and Parkinson, 1993). From this,
we conclude that although the Jack Pine cone is
postglacial (i.e., Holocene), it tapped a very dif-
ferent source than the rest of the Sand Mountain
volcanic field.

Regional Context

The Cascade arc is remarkable for the geo-
chemical heterogeneity of erupted mafic lavas,
which cannot all be related by fractional crys-
tallization or crustal assimilation of a com-
mon melt (Bacon, 1990; Leeman et al., 1990;
Bacon et al., 1997; Conrey et al., 1997). Mafic
compositions include mid-ocean-ridge basalt
(MORB)-like, low-K tholeiite, within-plate
basalt, and a range of calc-alkaline basalt
from medium-K to high-K to shoshonite and
absarokite. The Cascades are also typified
by eruptions derived from a variety of mafic
sources within a limited space and time. Single
eruptions commonly sample only one magma
type, although there are exceptions (e.g.,
Clynne and Muffler, 2010; Deardorft and Cash-
man, 2012). Here, we have shown that the Sand
Mountain volcanic field eruptive episode may
have tapped several mafic magma sources over
very short times and distances.

Regionally, extension related to the High
Cascades graben is associated with consid-
erable mafic activity in the central Oregon
Cascades (Schmidt et al., 2008). North Sister
volcano, located just south of the area shown
in Figure 1C, was a center of mafic volcanism
in the central Oregon Cascades over ~400 k.y.
(Schmidt and Grunder, 2009). North Sister
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TABLE 5. PALEOMAGNETIC DATA FOR THE SAND MOUNTAIN VOLCANIC FIELD AND THE TAMOLITCH LAVA UNIT

Latitude  Longitude Exp. | D Plat. Plong.
Eruptive unit Site XRF sample (°N) (°E)* N/No  (mT) ©) ©) 95 k R (°N) (°E)
NASH GROUP
GROUP AVERAGE 44.42 238.03 77 50.3 1.4 2.1 840 6.99286 76.6 53.0
Little Nash
LNCO Site 1 RC02-22 44.431 238.031 6/6 NRM!  49.6 3.0 3.8 318 5.98428 75.8 47.6
LNCO Sites 2,3,4 RC02-23 44.431 238.036 17/17 NRM!'  50.5 2.8 1.9 363 16.95587  76.6 47.6
44.431 238.034 2/2 50.1 2.9 2.0 15888 1.99994 76.2 47.5
Nash
221B2 RC95-02 44.401 237.999 8/8 10 51.8 2.7 1.9 881 7.99206 77.9 46.9
178B2 RC95-13 44.422 238.045 8/8 20+ 482  359.2 25 511  7.98631 74.8 60.6
FsLO 3+4 RC02-20 44.414 237.998 1212 NRM' 492 5.5 2.0 455 11.97583  75.1 39.3
146B2 RC02-26 44.416 238.045 8/8 10 48.7  356.6 2.2 648 7.98919  75.0 69.6
44.41 238.02 4/4 49.5 1.0 3.4 725 3.99586  75.9 54.6
Early Nash Il
4371B RC11-10 44.431 238.041 7/9 Lis 54.0 359.8 3.2 360 6.9833 80.1 59.0
SAND GROUP
GROUP AVERAGE 44.38 238.02 8/9 50.2 2.0 24 521 7.98657 76.5 50.7
Clear Lake East
170B2* RC02-29 44.380 238.086 8/8 30 43.4 0.1 3.9 207 7.96624 71.0 57.8
210B2 RC02-32 44.370 238.010 10/M1 20 51.0 356.7 3.3 217 9.95853 77.0 70.8
Great Spring
194B2 RC95-16 44.398 238.046 8/8 10+ 48.2 3.0 1.9 816 7.99142 74.6 48.3
186B2 RC95-17 44.387 238.032 8/8 20 51.9 0.4 21 705  7.99007 78.1 56.2
154B2 RC02-27A 44.406 238.046 8/8 20 48.8 357.5 2.4 540 7.98704 75.2 66.6
162B2 RC02-27B 44.406 238.046 8/8 10+ 50.2 25 3.7 226 7.96908 76.4 491
44.40 238.043 4/4 49.8 0.9 2.6 1224 3.99755 76.2 55.0
Ice Cap
202B2 RC02-31 44.343 238.004 8/8 10 51.7 3.1 1.6 1183 7.99408 77.8 45.8
Clear Lake South
CrLO 1+2 RC02-30 44.349 238.006 12/12 10 51.6 0.2 2.0 464 11.97631 77.9 57.3
CrLO 3+4 RC95-20 44.355 238.006 12/12 10+ 471 1.8 2.0 453 11.97572 71.4 23.8
44.352 238.006 2/2 495 6.3 19.3 170  1.99413  75.1 36.5
LOST LAKE GROUP
GROUP AVERAGE 44.42 238.03 8/8 50.1 2.1 1.8 968 7.99277 76.3 50.4
Lost Lake
LsLO Site 1 RCNSH-5** 44.432 238.074 12/12 NRMt? 48.1 5.4 2.4 336 11.96724 741 40.7
LsLO Site 2+3 RC02-24 44.435 238.063 12/12 NRM'  50.3 3.0 1.6 697 11.98423 76.4 47.0
44.434 238.069 2/2 49.2 4.2 5.9 1799 1.99944 75.3 43.5
Old Wagon Road
137B2 RC02-25 44.413 238.073 9/9 20 47.3 1.6 3.1 284 8.97187 74.0 52.9
Fish Lake
HkmO RC95-01 44.400 237.996 12/12 NRM!'  50.3 2.6 2.6 1323 11.99168 76.5 48.6
229B2 RC00-56 44.441 238.007 7/8 20 50.0 5.4 5.5 120 6.94985 75.7 38.9
LvLO RC02-21 44.428 238.017 12/12 NRM' 497 2.7 1.4 1000 11.98899  75.9 48.4
FsLO 1+2 RC02-42 44.402 237.998 12/12 NRMf? 52.7 356.6 2.4 327 11.96641 78.6 72.4
44.42 238.00 4/4 50.7 1.9 3.1 901 3.99667 76.9 50.8
Cold Water Cove
4291B NID11-05MK 44.362 238.013 7/8 Lis 51.9 359.0 1.6 1386  6.9957 781 62.1
OTHER
Tamolitch
4211B NID11-04MK 44.303 237.969 7/8 Lis 55.2  346.9 2.8 474  6.9874 76.8 111.8

Note: We use the following abbreviations: N/No—number of cores used compared to the number of original cores collected at the site, Exp. —strength of the peak
alternating field used in demagnetization in milliteslas, lI—remanent inclination of the site mean direction; D—remanent declination of the site mean direction, €95—95%
confidence limit for the mean direction, k—estimate of the Fisher precision parameter, R—length of the resulting vector, and Plat/Plong—location in degrees north and
east of the virtual geomagnetic pole calculated from the mean direction of the site.

*We follow paleomagnetic convention (McElhinney, 1973) in reporting longitude in degrees east. Obtain degrees west by subtracting the listed degrees east from 360°,
e.g., the Nash Group average longitude is 121.93°W.

fNRM—no required demagnetization.

SLi—a vector component lines analysis was used.

*Site data not used to calculate Sand Mountain group mean direction.

**X-ray fluorescence (XRF) sample taken within 100 m of paleomagnetic cores.
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TABLE 6. *He COSMOGENIC DATA FOR THE SAND GROUP AND COLD WATER COVE LAVA UNITS

Sample

Latitude Longitude Altitude* Scaling mass *He “He 3He corr “He corr *He ‘He SHe/*He  Age
Sample (°N) (°W) (km) factor’ (9) (cps) (mV) (cps’) (mV) (Mat/g) (Ta/g) (Ra*) (ka)
Clear Lake East
NID09-24 44.369 121.988 0.963 217 04189 26+0.10 22+0.02 25+0.10 1.7+0.16 0.66+0.03 0.021 +0.002 136.0 2.7+0.3
Ice Cap
NID09-31 44.349 121.993 0.907 2.07 06610 4.0+0.11 2.6+0.02 3.9x0.11 20+0.17 0.64+0.02 0.015+ 0.001 311 27+0.2
Clear Lake South
RC09-44 44.347 121.996 0.860 199 04620 29+0.09 28+0.02 28+0.10 23+0.16 0.65+0.02 0.025+0.002 19.0 29=x0.2
NID09-19 44.355 121.993 0917 209 0.3088 51+0.06 34001 50+006 29+014 1.76+0.03 0.047 £0.003 67.8 7.4x05
NID09-29 44.360 121.991 0.932 2.1 0.7345 5.1+0.13 32+0.02 50x+0.13 24+0.18 0.74+0.02 0.017 + 0.001 321 3.1x02
NID09-30 44.359 121.990 0.938 213 0.8050 52+0.06 43+0.02 51+0.06 28+0.14 0.69+0.01 0.017 +0.001 285 28+0.2
Cold Water Cove
NID09-26 44.359 121.985 0.987 2.21 05392 3.7+0.05 22+001 36=+0.05 1.7+0.14 0.73+0.01 0.016 +0.001 335 29=+0.2

Note: Age was determined using Licciardi et al.’s (1999) production rate (114 + 3 g~' yr~") calibrated for the Clear Lake East lava and a topographic-erosion-shielding

factor of 1 (no correction); all errors are 1c.

*Determined from light detection and ranging (LIiDAR) data.

fDetermined using Desilets et al. (2006).
SCounts per second.
*Ratio normalized to blank air sample.

volcano is composed of low-K calc-alkaline
basaltic andesites (Schmidt and Grunder, 2009),
whereas the Sand Mountain volcanic field con-
sists of medium-K calc-alkaline basalts and
basaltic andesite (Fig. 3). Finally, compared
to other lavas in the High Cascade graben, the
Sand Mountain volcanic field is remarkable for
the relative homogeneity within single units:
For example, the 1.6 ka Collier Cone lava unit
on the flank of North Sister volcano has com-
positions ranging from andesite to dacite (Dear-
dorff and Cashman, 2012).

Vent Alignment, Migration,
and Reoccupation

The three Sand Mountain volcanic field
groups erupted along a roughly N-S trend,
though with slightly different vent alignments
consistent with regional tectonic stresses (Tay-
lor, 1990; Fig. 6): The Lost Lake group vents
align N7°E, the Nash vents align N18°W, and
the Sand vents align N5°E. The Clear Lake
South A vents (N11°W) are not aligned with the
Sand group to which they belong but are located
and aligned between the Nash and Lost Lake
groups. These differences in vent alignment
suggest that each group responded to or created
slightly different stress fields; perhaps earlier
eruptions altered stress fields for subsequent
eruptions, and a NW rotation in vent alignment
occurred over the course of the Sand Mountain
volcanic field eruptive episode. A simpler expla-
nation could be that the eruptions were fed by
four dikes, and each alignment corresponded
to a different feeder dike. Field observations at
scoria cones with exposed plumbing systems
suggest that feeder dikes are no more than 100—
200 m deep (e.g., Keating et al., 2008; Friese
et al., 2013; Geshi and Oikawa, 2014; Harp

A NASH GROUP STRATIGRAPHY
Possibly contemporaneous

Little Nash -?- Nash
Early Nash I Clear Lake East
Ice Cap
Early Nash |
Remainder of SMVF

B SAND GROUP STRATIGRAPHY

Belknap
Possibly contemporaneous

Clear Lake East Nash group } C.LEE. &1.C. only
Great Spring -?- Ice Cap Lost Lake (younger than G.S.)

C.L.S.A -?- Clear Lake South
Cold Water Cove

"] Fish Lake, Old Wagon Road
Other SMVF

Tamolitch

C LOST LAKE GROUP STRATIGRAPHY

Possibly contemporaneous

Nash group
Lost Lake Clear Lake East
Ice Cap
Great Spring
Fish Lake -?-

%)
Old Wagon Road |3 :| Remainder of Sand group
Cold Water Cove § "] Jack Pine

Figure 5. Stratigraphic relations within and among the (A) Nash
group, (B) Sand group, and (C) Lost Lake group; units that are not
part of the group are italicized. Younger units overlie older units.
Units are placed side by side with a question mark (-?-) separat-
ing them if each one has similar stratigraphic relations above and
below, but there is no control on which unit of the pair is older.
Possibly contemporaneous units from other groups are shown on
the right; brackets show the temporal range of possible overlap.
SMVF—Sand Mountain volcanic field; C.L.S.A—Clear Lake South
Aj; G.S.—Great Spring; I.C.—Ice Cap; C.L.E.—Clear Lake East.
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TABLE 7. VOLUME ESTIMATES FOR SAND MOUNTAIN VOLCANIC FIELD LAVA AND SCORIA CONES

Exposed Reconstructed Exposed  Reconstructed Cone(s) Cone(s) Total cone(s)  Min. Estimated  Min.  Estimated
lava lava lava volume* lava volume* equivalent radius? height volume$ vol. vol. DRE* DRE*
Unit* (km?) (km?) (x10° m?) (x10° m?) (m) (m) (x10°m?)  (x10°md) (x10°m3) (x10°m?) (x10°m3)
Little Nash 3.3 - 33 - 270 150 12 45 45 40 40
Nash 10.2 - 102 - 460 250 56 158 158 135 135
Early Nash Il 0.8 - 8 - - - - 8 >8 8 >8
Early Nash | 0.7 4.2 7 42 - - - 7 >42 7 >42
Clear Lake East 15.4 - 154 - 500; 100; 50; 50 240; 30; 10; 10 62 216 216 191 191
Great Spring 12.3 - 123 - 410; 330 220; 150 56 179 >179 157 >157
Ice Cap 4.9 7.9 49 79 360; 220; 70 180; 120; 30 31 80 110 67 97
Clear Lake South 8.2 19.0 82 190 200; 150; 110 100; 70; 50 7 89 197 86 194
Proto—Clear Lake - - - - 190; 170; 150 100; 90; 40 8 8 >8 5 >5
South
Lost Lake 5.8 6.4 58 64 300; 210 200; 80 23 81 87 72 78
Old Wagon Road 41 6.6 41 67 380; 300 220; 140 46 88 113 69 94
Fish Lake 4.0 12.0 40 120 320 110 12 52 132 47 127
Cold Water Cove 0.6 - 6 - - - - 6 >6 6 >6
SnoPark 0.1 - 1 - - - - 1 >1 1 >1
Jack Pine - - - - 190 90 3 3 >3 2 >2
Total 70.4 0.7 km® Area: 5.3 km? 0.3 km? 1.0km* 1.3km° 0.9km®> 1.2km°

*Assumed 10 m lava thickness.
tRadius of circle of equal area as cone footprint.
SEstimated for each cone using formula for volume of a

cone given radius and height.

*Dense rock equivalent—assumed lava density equal to magma density,1500 kg/m? cone density, and 2700 kg/m*® magma density.

and Valentine, 2015). If this were the case, then
the feeder dikes for the Nash vents had to tap a
different magma source than those feeding the
Lost Lake and Sand vents. Additionally, several
units have more than one vent, suggesting either
contemporaneous activity at multiple vents or
vent migration through time (Fig. 6B).

Finally, there is evidence of vent reoccupa-
tion between various groups of the Sand Moun-
tain volcanic field. The vents of Old Wagon
Road (Lost Lake group) and Great Spring (Sand
group) eruptive units are in close proximity, and
one of the Great Spring cones partially buries an
Old Wagon Road cone (Fig. 6A). The presence
of numerous orphan lavas can also be explained
if vents were either buried or reoccupied; in the
latter case, early vents would now be covered
with cone deposits from younger eruptive units.
Vent reoccupation has been observed at numer-
ous other scoria cones, for example, in the
southern Cascades (e.g., Clynne and Muffler,
2010) and during the Rangitoto eruptive epi-
sode in the Auckland volcanic field, New Zea-
land. In the latter, two eruptions separated by a
few decades and sourced from different magma
batches used the same conduit system (Need-
ham et al., 2011). At Chagwido, Korea, two
eruptions separated by ~200 k.y. appear to have
occupied the same vent (Brenna et al., 2015).
Similarly, Cerro Negro, Nicaragua, is a modern
example of a basaltic scoria cone that has had
considerable vent reoccupation: At least 22 dis-
tinct eruptions have occurred since A.D. 1850,
with 1-23 yr between eruptions (McKnight and
Williams, 1997).

Our detailed study of the Sand Mountain
volcanic field shows that the entire “field” was
erupted over as little as a few decades (and at
most less than a century), tapped several magma
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bodies, reused vents, and shifted lava effusion
locations; we suspect the latter was in response
to tectonic and/or syneruptive stresses. Although
our study reveals what can happen during clus-
tered mafic volcanism, future work is needed to
address (1) exactly how (and if) early activity
influences the location of later activity, (2) what
conditions allow several different magma
sources to be first created, and then tapped, in
close proximity to each other, and (3) whether
the presence of numerous magma bodies in a
small area produces a greater total eruptive vol-
ume (and associated “flare-up”) than a single
magma source.

121.95°W

95°W

121

Volcanic Field Designation

While the Sand Mountain volcanic field is an
official name, it is arguably inappropriate to call
it a volcanic field, given the nearby presence of
numerous other Quaternary vents located within
a similar tectonic setting: A volcanic field has
an elevated concentration of volcanic vents
often in a single tectonic setting (Valentine and
Connor, 2015). Indeed, compared to other vol-
canic fields, such as the Michoacan-Guanajuato
volcanic field in Mexico (Hasenaka and Car-
michael, 1985) or the Auckland volcanic field in
New Zealand (Allen and Smith, 1994), it would

Figure 6. (A) Vent area for the entire Sand
Mountain volcanic field, showing the align-
ment of the Lost Lake group (solid), Clear
Lake South A vents (dotted), rest of Sand
group (big dashes), and Nash group (small
dashes). The extent of B is shown by a black
rectangle. LN—Little Nash; LL—Lost
Lake; FL—Fish Lake; CLS A—Clear Lake
South A; GS—Great Spring; OWR—OId
Wagon Road; CLE—Clear Lake East.
(B) Vents of the southern Sand group (Clear
Lake South [CLS] and Ice Cap [IC]). The
arrow points out a small Ice Cap cone par-
tially buried by the main Ice Cap cone.
Vents are stippled and labeled by unit ab-
breviation (see Fig. 2).
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be more appropriate to designate the Quaternary
volcanism described in Hildreth (2007) as the
“Central Oregon volcanic field,” and to rename
the Sand Mountain volcanic field to reflect that
it has been a relatively short-lived center of vol-
canism within this wider volcanic field. Were
this suggestion adopted, the Central Oregon
volcanic field would be unusual, although not
unique (see also the Michoacdn-Guanajuato vol-
canic field), in the collocation of “monogenetic”
scoria cones, shield volcanoes (Belknap, North
Sister, Newberry), and complex stratovolcanoes
(Three Sisters, Jefferson) in close proximity.

Local Hazard Implications for
the Central Oregon Cascades

Although it is unlikely that the Sand Mountain
volcanic field will reactivate, this study provides
insights on possible ramifications of future mafic
activity in the central Oregon Cascades, which
is likely given the concentration of Holocene
mafic volcanism in the area (Hildreth, 2007). For
example, recent uplift observed east of South
Sister volcano (Riddick and Schmidt, 2011) is
only 30 km SSE of the Sand Mountain volcanic
field. Although it is unlikely the South Sister
uplift will lead to an eruption in the near future,
the uplift has been interpreted as evidence of
magma intrusion into the upper crust, consistent
with this region being volcanically active.

Our study documents a cluster of mafic vol-
canism erupting at least 1 km?® over no more
than a few decades. Other known clusters of
mafic volcanism in the Central Oregon volcanic
field include the ca. 7 ka eruptions in the New-
berry northwest rift zone (0.86 km® from 14
units, erupted over no more than a few decades;
Mckay et al., 2009) and the eruptions of Collier
cone, Four in One, and Yapoah on the northern
flank of North Sister volcano within a few cen-
turies of each other (Sherrod et al., 2004). Thus,
similar clustered activity could be expected in
the future: If a mafic eruption in a new location
were to start within the Central Oregon volcanic
field, responding agencies may want to consider
it could be either a single short-lived event or the
start of a cluster of mafic volcanism that could
last a few decades.

A recent assessment of volcanic hazards in
the Three Sisters region, which covers a consid-
erable portion of the Central Oregon volcanic
field, states that, in this region, the “most haz-
ardous events at mafic volcanoes occur when
rising magma interacts explosively with surface
water or shallow ground water” (Scott et al.,
1999, p. 7), i.e., phreatic or phreatomagmatic
explosions. Overall, hazards associated with
mafic volcanism in Three Sisters region are
predicted to only impact areas within 10 km of
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the vent, and lava flows are expected to affect
the greater proportion of this area. In general,
the extent of Sand Mountain volcanic field lava
units supports this assessment, as most Sand
Mountain volcanic field lavas extend 5 km or
less from their vent. Sand Mountain volcanic
field lavas are also strongly influenced by topog-
raphy: All Sand Mountain volcanic field vents
are west of Santiam Pass (Fig. 1) on the Cas-
cade crest, and consequently all Sand Moun-
tain volcanic field lavas flowed west downhill.
Lava flows that encountered the western High
Cascade graben margin either stopped (e.g.,
Old Wagon Road lavas) or from there, flowed
downhill into the upper McKenzie River drain-
age (e.g., Nash, Fish Lake, Clear Lake South,
Ice Cap, and Tamolitch lavas). The topographic
diversion forced by the graben margin appears
to have shortened the flow length, perhaps
because it forced interaction with the McKenzie
River. If the river bed were dry, then the graben
margin could have increased the flow length via
focusing (e.g., Dietterich and Cashman, 2014).
In either case, however, the primary impact of
lava effusion would have been related to its
effect on the McKenzie River, which was (and
remains) dammed by the Clear Lake South lava;
this damming would have created temporary
downstream water shortages (Deligne, 2012).

Were the mafic volcanic activity to occur
today in the Central Oregon volcanic field, there
could be major implications for regional trans-
portation routes if lava flows reached a highway
connecting the Willamette Valley and central
Oregon, particularly one of the three highways
crossing the central Oregon Cascades (Santiam,
McKenzie, or Willamette Passes). Given the
limited number of roads in the area, however,
most regional mafic volcanism is unlikely to
engender significant transportation problems,
although new vents within 5 km of highways
could cause substantial disruptions.

We did not examine phreatomagmatism or
tephra hazards associated with the Sand Moun-
tain volcanic field. However, documentation of
>2 m and 79 cm of Sand Mountain volcanic
field tephra at 8 and 13 km northeast of Sand
Mountain, respectively, indicates that tephra
hazards associated with mafic volcanism in the
central Oregon Cascades can extend further
than 10 km from the vent, and the hazard can
be considerably greater than currently assumed
(Mckay, 2012). Finally, a certain consequence
of lava inundation of forested regions would be
forest fires. The rate of posteruption vegetation
recovery appears to depend very much on the
nature of eruptive activity; revegetation of lavas
with substantial tephra coverage was much more
rapid than revegetation that postdated explosive
activity (Deligne et al., 2013).

CONCLUSIONS

Our study of the Sand Mountain volcanic
field reveals that the 76 km? field was probably
active for several decades, and the 13 eruptive
units tapped at least two, and maybe three, dif-
ferent magma sources. Activity was focused at
23 or more vents. Vents that tapped the same
magma body are aligned; some vent locations
appear to have migrated during a single erup-
tion and/or were reoccupied by subsequent
eruptions. Distinct magma compositions were
erupted from multiple aligned vents, reflecting
the geometry of the underlying magma storage
region. Finally, we suggest the Sand Moun-
tain volcanic field is a misnomer and is more
appropriately considered a temporal and spatial
cluster of volcanism within the larger “Central
Oregon volcanic field.”
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