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Medicine Lake Volcano (MLV), located in the southern Cascades ~55 km east-northeast of contemporaneous
Mount Shasta, has been found by exploratory geothermal drilling to have a surprisingly silicic core mantled

by mafic lavas. This unexpected result is very different from the long-held view derived from previous
mapping of exposed geology that MLV is a dominantly basaltic shield volcano. Detailed mapping shows that
<6% of the ~2000 km? of mapped MLV lavas on this southern Cascade Range shield-shaped edi fice are
rhyolitic and dacitic, but drill holes on the edi  fice penetrated more than 30% silicic lava. Argon dating yields
ages in the range ~475 to 300 ka for early rhyolites. Dates on the stratigraphically lowest ma  fic lavas at MLV
fall into this time frame as well, indicating that volcanism at MLV began about half a million years ago. Ma fic
compositions apparently did not dominate until  ~300 ka. Rhyolite eruptions were scarce post-300 ka until
late Holocene time. However, a dacite episode at ~200 to ~180 ka included the volcano's only ash- flow tuff,
which was erupted from within the summit caldera. At ~100 ka, compositionally distinctive high-Na
andesite and minor dacite built most of the present caldera rim. Eruption of these lavas was followed soon
after by several large basalt flows, such that the combined area covered by eruptions between 100 ka and
postglacial time amounts to nearly two-thirds of the volcano's area. Postglacial eruptive activity was strongly
episodic and also covered a disproportionate amount of area. The volcano has erupted 9 times in the past
5200 years, one of the highest rates of late Holocene eruptive activity in the Cascades. Estimated volume of
MLV is ~600 km 3, giving an overall effusion rate of ~1.2 km? per thousand years, although the rate for the
past 100 kyr may be only half that. During much of the volcano's history, both dry HAOT (high-alumina
olivine tholeiite) and hydrous calcalkaline basalts erupted together in close temporal and spatial proximity.
Petrologic studies indicate that the HAOT magmas were derived by dry melting of spinel peridotite mantle
near the crust mantle boundary. Subduction-derived H ,O-rich fluids played an important role in the
generation of calcalkaline magmas. Petrology, geochemistry and proximity indicate that MLV is part of the
Cascades magmatic arc and not a Basin and Range volcano, although Basin and Range extension impinges on
the volcano and strongly in fluences its eruptive style. MLV may be analogous to Mount Adams in southern
Washington, but not, as sometimes proposed, to the older distributed back-arc Simcoe Mountains volcanic
field.

Keywords:

Medicine Lake Volcano
Cascades arc

granitoid intrusion
HAOT

calcalkaline basalt

Published by Elsevier B.V.

new age information, a variety of geophysical studies, and the tectonic
setting of the volcano, we will propose a framework for understanding

1. Introduction and regional setting

We present here a summary of new information about Medicine
Lake Volcano (MLV) derived from nearly three decades of detailed
geologic mapping, geochemistry, and petrologic studies of rocks
exposed both at the surface and in drill holes. Within the context of
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the behavior and origin of this large volcanic edi fice.

MLV is located in the high desert area of northern California  ~55 km
east-northeast of Mount Shasta in the southern Cascade Range ( Fig. 1).
The volcano consists of a broad, shield-shaped edi fice (Fig. 2) also known
as the Medicine Lake Highland and its surrounding apron of basaltic and
andesitic lavas. Total area encompassed is about 2200 km 2, covering all
or part of twenty-seven U.S. Geological Survey 7.5' topographic
quadrangles. North —south extentis >80 km, while the east —west extent
is just under 50 km, although the areal distribution of vents is less, only
55 km N -S by 40 km E-W. Vents for postglacial lavas cover a smaller
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Fig. 1. Shaded relief map showing locations of major Cascade volcanoes. Letter H
indicates location of back-arc “Hackamore center” (Donnelly-Nolan et al., 1996 ), a
behind-the-arc basaltic lava field.

area, extending ~34 km N -S by 19 km E-W. The rim of the volcano rises
to about 1300 m above the adjacent Modoc Plateau. Its summit calderais
a shallow basin ( Fig. 3) about 7112 km, elongated east -west, in which

W“_

Fig. 2. View from the northeast of Medicine Lake Volcano (MLV) shows its broad shield shape and numerous

the namesake 1!2 km Medicine Lake nestles among pine trees ( Fig. 4).
Total volume of MLV has been estimated at ~600 km* (Heiken, 1978;
Donnelly-Nolan, 1988 ), larger than Mount Shasta, which is the largest of
the Cascade stratovolcanoes.

1.1. Tectonic setting of MLV

MLV is situated east of the Cascades axis that trends north-
northwesterly between MLV and Mount Shasta ( Fig. 5), and is located
atthe intersection of major tectonic features including the northwestern
extension of the Walker Lane fault zone ( Grose et al., 1989; Hildreth,
2007), the southern extension of the Klamath Graben where it merges
into north —south Basin and Range faults, and the highland of vents that
extends west-southwest to Mount Shasta and Black Butte. Although this
connecting highland is not apparently a fault zone, it is clearly a zone of
crustal weakness that provides a preferred pathway for magmas to reach
the surface. Heiken (1978) pointed to the intersection of regional fault
trends as the primary control on vent locations at MLV.  Blakely et al.
(1997, Fig. 8 caption) describe the southern Cascade Range as “a
transitional zone where horizontal stress is transferred from northwest =~ -
southeast dextral shear of the Walker Lane to the south to dominantly
east-west extension of the Cascade Range to the north. ” Fig. 5shows the
distribution of faults and of MLV postglacial vents, indicating that MLV is
located at a “kink ” where north-northwest-trending faults entering the
volcano from the south turn to the north-northeast, and then back to
north and northwest.

Open ground cracks are common at MLV, e.g. high on the
northwest side associated with the eruption of the rhyolite of Little
Glass Mountain (Fink and Pollard, 1983; Donnelly-Nolan et al., 2007 ,
Fig. 7), but also scattered across the lower north and east flanks of the
volcano. Although fault trends at MLV range from northwesterly to
northeasterly, the open cracks trend only north to northeast,
indicating east ~west to northwest-southeast extension across the
volcano. None of the postglacial eruptions took place from a single
vent; almost all, including the rhyolites, are  fissure eruptions with
multiple vents aligned northwest to northeast. Nearly 80% of
postglacial vents trend within 30 of north, exceptions being located
in and near the caldera and along the highland of vents that connects
to Mount Shasta. Strong tectonic control of vents is indicated, with
locations of vents and faults being controlled by both external

flank cinder cones.
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Fig. 3. Aerial view west across the upper part of Medicine Lake Volcano toward Mount Shasta on the horizon. Medicine Lake lies within the 7!12 km shallow basin of Medicine Lake

caldera. In the foreground, draped over the east side of the volcano, is the youngest lava  flow at the volcano, the late Holocene, compositionally-zoned Glass Mountain

flow, erupted

~950 years ago. The northeasternmost dacite tongue extends nearly to the bottom of the photo (distal lobes are outlined to enhance visibility).

(regional extension) and internal (caldera) stresses ( Donnelly-Nolan,
2002).

There are obvious indications of Holocene faulting at MLV such as
the 10-m vertical offset of the 12.5-ka Giant Crater lava ( Donnelly-
Nolan et al., 2007, Fig. 6) and the multiple open ground cracks like
those that apparently formed during eruption of late Holocene lavas
including the rhyolite of Little Glass Mountain ( Fink and Pollard, 1983 )
and the basalt of Black Crater and Ross Chimneys (Donnelly-Nolan and
Champion, 1987). However, documented seismicity is rare ( Dzurisin et
al., 1991), suggesting the possibility that extensional events and
accompanying seismicity may also be episodic, intermittent events.

The strongly episodic nature of the well-documented postglacial
eruptions at MLV ( Champion et al., 2005; Donnelly-Nolan et al., 2007;
Nathenson et al., 2007) suggests that earlier eruptive activity at the
volcano was probably also irregular in its timing. Only future precise
dating will establish the overall eruptive pattern.

To the east of MLV (Fig. 1) is the “Hackamore center” (Donnelly-
Nolan et al., 1996) consisting of a cluster of HAOT vents distributed
within an area about 20 km N -S by 15 km E-W plus their widely
distributed lavas that cover >850 km 2. HAOT is high-alumina olivine
tholeiite, de fined by Hart et al. (1984) as low-K,0 (<0.4 wt.%), high
MgO/FeO, diktytaxitic basalts similar in composition to mid-ocean

Fig. 4. Photo taken from south rim of Medicine Lake caldera looking north across Medicine Lake toward the north rim. Between the lake and the north rim is the nearly treeless

Medicine Lake Glass Flow, a dacite flow that erupted ~5200 years ago.
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Fig. 5. Shaded relief map highlighting tectonic features in the Medicine Lake-Shasta segment of the Cascade Range and vicinity. Map shows locations of Medicine Lake Volcano and

Mount Shasta with respect to the main axis of the Cascades Arc. Outline of geologic map area corresponds to new mapping (

Donnelly-Nolan, in press ). Figure emphasizes major

structural features including faults (thin black lines) and Stage 5 vents (small black stars) of MLV; caldera rim is dashed black ellipse. Gray arrows at east and west sides of MLV

indicate approximate direction of extension across the volcano. Blue arrows in corners show possible overall motion (see

ridge basalts. This type of primitive basalt was previously known as
high-alumina basalt (e.g. Waters, 1962) and has also been referred to
as LKOT (low-potassium olivine tholeiite). It has been given regional
names such as Warner basalt, the name that Powers (1932) and
Anderson (1941) applied in this area. Argon dating ( Luedke and
Lanphere, 1980; Donnelly-Nolan and Lanphere, 2005 ), yields ages
ranging from about 1.6 Ma to 0.6 Ma for the Hackamore lavas, with
most of the dates clustered around 1 Ma in age.

1.2. Previous work

Previous geologic work began with the early studies of Peacock (1931)
and Powers (1932), who regarded MLV as Pleistocene and Recent
(Holocene) in age, as did Anderson in his classic 1941 study. Following
these initial studies, some three decades elapsed with little geologic work
done at the volcano until a subsequent generation of workers applied new
techniques in a variety of more detailed and focused studies. Among these
are papers by Condie and Hayslip (1975), Eichelberger (1975, 1981),
Heiken (1978), and a series of papers by Mertzman and coworkers

Blakely et al., 1997).

including Mertzman (1977a,b, 1979, 1981, 1982, 1983) , Brown and
Mertzman (1979) , and Mertzman and Williams (1981) .

In 1979, work began by the authors of this paper and included
geologic mapping ( Donnelly-Nolan and Champion, 1987; Donnelly-
Nolan, in press), publication of an overview paper describing the
volcano's geology (Donnelly-Nolan 1988 ), and additional papers (e.g.
Donnelly-Nolan et al., 1990, 1991; Donnelly-Nolan, 1998 ). Grove et al.
have published numerous papers addressing the petrology of MLV
(Grove et al., 1982; Gerlach and Grove, 1982; Grove and Donnelly-
Nolan, 1986; Grove et al., 1988; Baker et al., 1991; Bartels et al., 1991;
Wagner et al., 1995; Grove et al., 1997; Kinzler et al., 2000; Elkins
Tanton et al., 2001; Magna et al., 2006 ).

2. Eruptive history
2.1. General observations

The past three decades of detailed geologic mapping ( Donnelly-
Nolan, in press), argon dating ( Donnelly-Nolan and Lanphere, 2005 ),
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Fig. 6. a—e. Maps showing areas of MLV covered by 5 rock compositions (basalt through rhyolite) within the outline of the new geologic mapping of Medicine Lake volcano (
Nolan, in press): a) rhyolite covers 51 km 2, b) dacite covers 66 km 2 including 49 km 2 thinly covered by the dacite tuff of Antelope Well, c) andesite covers 305 km

covers 270 km?2, and e) basalt covers 1322 km 2. Caldera rim shown by dashed ellipse.

and study of drill hole samples ( Lowenstern et al., 2003; Donnelly-
Nolan, 2006) have led to signi ficant advances in our understanding of
the volcano's history. The goal of the geologic mapping was to identify
and separately map out each eruption or eruptive event exposed at the
surface of the volcano. Using aerial photos, chemical analyses, careful
hand specimen petrography, and paleomagnetic measurements, 208
volcanic units were de fined and mapped in the field. Single map units
typically include one or a few vents, commonly aligned, and (where

EXPLANATION:

Rhyolite
(>69.9 wt.% Si0,)

Dacite
(63.0 to 69.9 wt.% Si0,)

Andesite
(57.0 to 62.9 wt.% SiO,)

Basaltic Andesite
(53.0 to 56.9 wt.% SiO,)

Basalt
(<53.0 wt.% Si0,)

Donnelly-
2, d) basaltic andesite

exposed) the lava flow(s) that derive from the vents. A few units
include multiple lava flows that could not be separately mapped in the
field.

Some units are compositionally zoned, but constrained as single
units by their paleomagnetic directions and by field relations.
Compositional zonation is apparently nearly absent in lavas older
than 100 kyr, although its apparent absence may simply result from
lack of exposure.
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Only a single ash-flow tuff is known to have erupted at MLV, the
dacite tuff of Antelope Well. No other ash- flow tuff is seen at the
surface or in drill core. Two ash fall tuffs are documented in late
Holocene time ( Heiken, 1978), but such tuffs are scarce in the record at
MLV, which is dominated by lava flows.

Plagioclase and olivine are the dominant phenocrysts in ma fic
lavas, whereas plagioclase and orthopyroxene are most common in
silicic lavas that contain phenocrysts. Clinopyroxene is uncommon
and hornblende is rare in MLV lavas (typically found only in some
mafic magmatic inclusions). Biotite, quartz, and K-feldspar are
unknown except in granitic inclusions.

2.2. Argon dating

Potassium-argon dating of MLV and rocks from the immediate
area was reported primarily by Mertzman (1977a, 1981, 1982, 1983)
and Brown and Mertzman (1979) . One K-Ar age reported in Luedke
and Lanphere (1980) was also measured on a Medicine Lake lava.
Subsequent argon dating by us and our colleagues including  “°Ar/3°Ar
ages has been reported in Donnelly-Nolan et al. (1994, 1996) , Herrero-
Bervera et al. (1994), Turrin (1996) , and in Donnelly-Nolan and
Lanphere (2005).

Dating of MLV lavas by the K -Ar method was challenging,
particularly for the ma fic, low-K,O lavas, in contrast with, e.g., the
successful K-Ar dating of Mount Adams lavas farther north in the
Cascade Range ildreth and Lanphere, 1994 ). A major reason is
probably that MLV is dissected so little. The solid crystalline interiors
of lava flows, which are preferable to glassy surface rock for argon
dating experiments (e.g. Hildreth and Lanphere, 1994 , p. 1428), are
typically exposed only sporadically on the uppermost part of MLV
where glacial ice has removed the glassy carapace of lava flows. Few
deep artificial cuts are available, and stream erosion is rare. The
application of the “°Ar/3°Ar dating method signi ficantly increased the
number of successful age determinations, but combining the number
of mapped units that have been argon-dated with the postglacial units
that have been dated by radiocarbon, the total number of units at MLV
that have been radiometrically dated is only about 20% of the total
identi fied by mapping. Fewer than 20% of basalt and basaltic andesite
lava flows yielded reasonable argon ages. By comparison, 33% of
andesite flows, 55% of dacite flows, and 90% of rhyolite flows older
than 13 ka yielded reportable argon ages. These proportions are in
inverse order to their relative areal abundances as mapped on the
volcano. Despite the limitations of the age data, they provide a
framework for understanding the temporal, spatial, and composi-
tional evolution of the volcano.

2.3. Eruptive intervals

MLV map units have been subdivided into  five time intervals based
on radiometric ages, stratigraphic relations, morphology, and compo-
sition: Stage 1 (<500 to 300 ka), Stage 2 (<300 to ~180 ka), Stage 3
(~180 ka to 100 ka), Stage 4 (<100 ka to 13 ka), and Stage 5 (<13 ka to
present). Fig. 6 shows the areal distribution of the rock types, de fined
by wt.% SiO, content as follows: basalt <53%, basaltic andesite 53 to
56.9%, andesite 57% to 62.9%, dacite 63% to 69.9%, and rhyolite 70 wt.
% SiQ. Fig. 7 shows the exposed area covered by lavas of each eruptive
stage. Table 1 lists areas, estimated volumes and eruptive rates, and
number of mapped units of each type for the five stages.

2.3.1. Stage 1 — early silicic volcanism (<500 ka to 300 ka)

The oldest dated unit that is mapped as part of MLV is the rhyolite
east of Glass Mountain, which has a “°Ar/*°Ar age of 475+29 ka
(Donnelly-Nolan and Lanphere, 2005 ). This is the oldest of several
ages for early rhyolite flows exposed at the surface and/or intersected
in drill holes. Individual ages of these units vary considerably, but they
group between ~300 and 475 ka as a distinctive early episode ( Fig. 8).

It is probable that additional older units are buried and we give an
approximate maximum age of 500 ka to the inception of the volcanic
focus that has created MLV. Only 18 units have been mapped in this
earliest group covering just 2.3% of the mapped area ( Table 1, Fig. 7a)
of MLV, despite representing approximately 40% of the volcano's time
span. No dacites were identi fied, but among the 18 mapped units,
seven are rhyolite, numbering more than half of the 13 mapped
rhyolites at MLV. Stage 1 rhyolites lack both inclusions and
phenocrysts, typically contain 75 -77.2% SiQ, and all have low 6%0
(max. +6.3%o).

The oldest dated rhyolite flow exposed at the surface, the 475-ka
rhyolite east of Glass Mountain is a high-silica aphyric rhyolite. Based
on chemical correlation, the same unit is found in two caldera drill
holes located as far as 11 km west of the outcrop area. If the unit
originally covered roughly 12 km east -west by 2 km north —south and
had an average thickness of 200 m, then its total volume would have
been 4.8 km®. That would make it as voluminous as the largest basalt
units of the volcano and nearly five times larger in volume than the
largest Holocene silicic eruptive unit, the compositionally-zoned,
dominantly rhyolitic Glass Mountain  flow (Eichelberger, 1975). One
mapped older rhyolite, the rhyolite of Grasshopper Flat, crops out
intermittently from beneath younger lavas over a distance of nearly
30 km suggesting that its volume is probably at least several km
Thus, early silicic lavas at MLV may have been more voluminous both
individually and collectively than is indicated by surface geologic
mapping. Only four basalts were mapped, two of which are HAOT. Two
of the basalt units erupted during Stage 1 are dated at 445 ka
(Donnelly-Nolan and Lanphere, 2005 ).

3

2.3.2. Stage 2 pre-dacite tuff (~300 ka to ~180 ka)

Approximately one-third of the volcano's eruptive units were
emplaced during this interval, which spans about a quarter of the
volcano's existence. Exposed area of the lavas, however, is <10% of the
volcano (Table 1, Fig. 7b). Basaltic to andesitic lavas dominated Stage 2
eruptive activity. No HAOT basalts were identi fied, but they may be
buried by younger lavas. Eight silicic units include the single undated
low-silica rhyolite assigned to this age group, and seven of the 11 total
mapped MLV dacite units. The dacitic eruptions occurred late in Stage
2 time and culminated with eruption of the volcano's only ash-  flow
tuff, the dacite tuff of Antelope Well. Herrero-Bervera et al. (1994)
published a whole-rock plateau age of 171+43 ka on a pumice lump
from the tuff. The age is consistent with the eruption having taken
place when ice was present on the volcano, as proposed by Donnelly-
Nolan and Nolan (1986) ; comparison with the oxygen isotope climate
record of Martinson et al. (1987) indicates a cold period from 130 to
185 ka. Combined with constraints from ages of other dated units
(Donnelly-Nolan and Lanphere, 2005 ), the age of the dacite tuff of
Antelope Well is estimated at ~ 180 ka. The tuff is the only widespread
marker bed on the volcano, where even voluminous lava flows are
typically con fined to limited radial sectors. As such, it is the single
most important stratigraphic unit at MLV.

2.3.3. Stage 3 caldera-rim construction (~180 ka to 100 ka)

Subsequent to eruption of the dacite tuff of Antelope Well,  ~80
mapped Stage 3 eruptive units are exposed over about a quarter of the
volcano (487 km 3). Thus, 40% of the mapped units are attributed to
~15% of the time span of the volcano ( Table 1, Fig. 7c). Areas covered
by basalt, basaltic andesite, and andesite are approximately equal.
Only a single low-SiO , rhyolite and one dacite covering <1 km? total
were mapped, although another low-SiO , (~72%) rhyolite is presentin
caldera drill holes above the dacite tuff of Antelope Well and below
the ~100-ka north rim andesite.

Late in this time period much of the present caldera rim was
constructed by eruptions from vents along arcuate caldera ring faults.
The upper parts of the north and south rim andesite units have been
modi fied by glaciation, with some poorly-developed cirques developed



J.M. Donnelly-Nolan et al. / Journal of Volcanology and Geothermal Research 177 (2008) 313-328 319

EXPLANATION:

Rhyolite
(>69.9 wt.% Si0,)

Dacite
(63.0 to 69.9 wt.% SiO,)

Andesite
(57.0 to 62.9 wt.% SiOz)

Basaltic Andesite
(53.0 to 56.9 wt.% SiO,)

Basalt
(<53.0 wt.% SiO,)

Fig. 7. a—e. Maps showing areas of MLV covered by lavas of the five eruptive intervals: Stage 1500 to 300 ka, Stage 2 <300 to ~180 ka, Stage 3<180 ka to 100 ka Stage 4 <100 ka to >13ka,

Stage 5<13 ka. SeeTable 1 for area covered by each stage.

along steep margins, although modi fication of the topography occurred
mainly by removal of glassy flow carapace, vent cinders, and agglutinate.
Both andesite units erupted as fluid, fountain-fed, nearly aphyric high-
silica andesite that flowed both into and mainly outward from the
caldera, covering a total area of nearly 100 km 2.

The basalt of Damons Butte is a large primitive basalt flow that
erupted during this time period. It has a  “°Ar/*°Ar age of 144+ 15 ka
(Donnelly-Nolan and Lanphere, 2005 ). Because it is age-equivalent

with MLV, it has been included in mapping of the volcano, but vents
for the unit are located 15 km farther east than any other MLV vent.
Very likely, this unit is a behind-the-arc basalt not directly related to
the Medicine Lake magma system.

2.3.4. Stage 4 big basalts (<100 ka to ~13 ka)
Only slightly longer in time span than Stage 3, this period includes
far fewer units (24), but its eruptive products cover 974 km 2, nearly
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Table 1
Areas, volumes, and eruption rates through time at Medicine Lake Volcano

Eruptive Ages No. of units Exposed area Percent of Estimated volume Estimated eruption rate No. of mapped units, by
Stage (ka) exposed (km2) total area (km3)* (km3/kyr) composition *
b(HAOT)* ba a d r

Stage 1 ~500-300 18 46 2.3% ~350-450 11-1.4 4(2) 4 3 0 7
Stage 2 ~300-180 69 190 9.5% 23(0) 25 13 7 1
Stage 3 ~180-100 80 487 24.2% ~100-150 1.25-1.9 32(9) 27 20 1 1
Stage 4 ~100-13 24 974 48.3% ~50 0.6 16(6) 4 2 1 1
Stage 5 <13 17 316 15.7% ~8 0.6 7(2) 3 1 2 3
Total 208 2,013 100% ~600 12 82(19) 63 39 1 13

* Because of lack of incision and poor exposure, volume estimates are highly approximate; Stage 1 and 2 are combined.
* Abbreviations: b=basalt, ba=basaltic andesite, a=andesite, d=dacite, r=rhyolite (see text for de finitions).

& in parentheses, no. of basalt units of High-Alumina Olivine Tholeiite composition (K

half the volcano's total area ( Table 1, Fig. 7d). One of the reasons for the
extensive areal coverage by Stage 4 units is that several of the 16 basalt
eruptions in this group produced signi  ficant volumes of fluid lava that
spread across low topography adjacent to the volcanic edi fice. The
largest lava flow known at MLV, the 300-km 2 basalt of Yellowjacket
Butte (Donnelly-Nolan et al., 2005 ) covered much of the southeast
flank of the volcano at ~86 ka, soon after eruption of the ~150-km 2
Lake Basalt (Wagner et al., 1995) and the >140 km? of the partially
buried basalt of Tionesta. Later in this period the basalt of Mammoth
Crater spread across>225 km 2 on the north side of the volcano. In all,
the 16 basalt eruptions covered 886 km ?; just four basaltic andesite
and two andesite eruptions are known in this stage. One low-SiO
dacite erupted early in the period. The single rhyolite has an age of
~30 ka (Donnelly-Nolan and Lanphere, 2005 ). It erupted on or near
the poorly de fined northeastern rim of the caldera, which it drapes.
The glaciated vent dome of this unit forms the highest point on the
volcano, Mount Hoffman, at 2412 m. Total area covered by the two
silicic units is <11 km?2.

2.3.5. Stage 5 postglacial (~12.5 ka to present)

Postglacial volcanism (Donnelly-Nolan et al., 1990 ) covered
316 km 2, almost 16% of the volcano's area, although spanning only
3% of the time. The 17 eruptions that occurred during Stage 5 took
place from vents scattered widely across the volcano ( Fig. 7e). They
began with an episode of eight basalt and basaltic andesite eruptions
about 12,500 cal. yr ago. A signi ficant amount of the area and volume
of this time period was generated in the ~12,500 cal. yr Giant Crater
event (Donnelly-Nolan et al., 1991; Champion and Donnelly-Nolan,
1994) that covered about 200 km 2 with >4 km* of basalt and minor
basaltic andesite. This pulse of mafic volcanism in immediate
postglacial time may have been related to pressure release accom-
panying melting of the volcano's ice burden (e.g. Sigvaldason, 2002),
although a causal relationship is speculative. Anderson (1941) and
Bargar (2001) estimated ice thicknesses to ~150 m, and glacial
evidence in the field indicates that ice extended ~500 m in elevation
below the highest point on the caldera rim during the most recent
glaciation.

Nearly 8000 years of quiescence followed this early ma fic episode
before three subsequent closely-spaced eruptive episodes occurred
(Champion et al., 2005; Donnelly-Nolan et al., 2007; Nathenson et al.,
2007). At ~5 ka, a pair of dacite eruptions took place in and adjacent to
the caldera. Then at ~3 ka, a basalt eruption occurred low on the north
flank and an andesite erupted on the south flank. The final eruptive
episode included five events spanning about 270 years between ~1.2
and ~0.95 ka, featuring compositions from basalt through rhyolite.
The youngest of these is the 950-yr-old Glass Mountain flow (Fig. 3).
Silicic eruptions were focused near the caldera and dominated late
Holocene volcanism in both number of eruptions and volume. Overall,
since 13 ka, 20% of the ~7.8 km® erupted volume is silicic.

Rhyolites with SiO , contents >72% erupted for the first time since
~300 ka, and more rhyolite was erupted during late Holocene time

20<0.4 wt.%; MgO>7.5 wt.%).

than at any previous time at MLV since Stage 1 ended ~300 kyrs ago.
The late Holocene rhyolites are distinctive from Stage 1 rhyolites in
having lower maximum SiO , (max. 74.6%) and higher 680 (max.+8.5
per mil, Donnelly-Nolan, 1998 ). The late Holocene rhyolites also
commonly contain phenocrysts, and typically contain quenched ma  fic
magmatic inclusions ( Mertzman and Williams, 1981; Grove and
Donnelly-Nolan, 1986 ). Lowenstern et al. (2003) suggested that the
higher- 6’0 late Holocene silicic lavas were derived from greater
depth than the older low- 520 rhyolites, which probably incorporated
shallow hydrothermally altered crust.

Compositionally-zoned lavas (e.g. Donnelly-Nolan et al., 1991,
Kinzler et al., 2000 ) were relatively common in postglacial time, with
6 of 17 units displaying compositional variability.

3. Volume and eruption rate estimates

Because of the large area covered by the MLV edifice and its
surrounding apron of lavas, volume estimates depend crucially on
thickness estimates. Donnelly-Nolan (1988) estimated a total volume
of 600 km ® using a simple cone calculation with a height of 1 km.
Heiken (1978) had independently estimated the same volume.
Dzurisin et al. (1991) estimated 750 km ® by adding volume below
the level of the surrounding Modoc Plateau based on drill hole data
(Donnelly-Nolan, 1990b; Donnelly-Nolan, 2006 ). Given the uncertain-
ties in the calculations, we conclude that 600 km 2 is probably
reasonable, although volumes in the range 500 to 750 km 2 are
possible.

Estimating the volumes erupted in each stage is fraught with even
more dif ficulty, especially for the older stages. Because the dacite tuff
of Antelope Well was identi fied in drill core, the thickness of MLV lava
below the tuff can be estimated, but only under the upper part of the
volcano. Stage 1 and 2 lavas are exposed on only ~12% of the volcano's
surface despite spanning nearly two-thirds of the volcano's history, so
the full extent of areal coverage is uncertain. Nevertheless, a volume of
~350-450 km? was estimated for these two eruptive stages using
thicknesses based on drill core data.

Exposed Stage 3 lavas cover nearly 500 km?, but the coverage was
probably much more extensive prior to Stage 4 and 5 eruptions. We
estimate that ~100-150 km ° of lava erupted during this stage. Despite
the large area covered by Stage 4 lavas, only 24 eruptive units have
been identi fied. We estimate a volume of ~50 km 3, about 0.6 km 2 per
thousand years. Estimates for Stage 1 through Stage 4 are probably
subject to errors of 30 -50%.

The only eruptive interval for which good estimates of volume can
be made is for the postglacial lavas of Stage 5. Donnelly-Nolan et al.
(1990) estimated that 7.8 km ° of lava has erupted at MLV in postglacial
time. This translates to an average erupted volume of 0.6 km 2 per
thousand years, only half that of the estimate for Stages 1 and 2, but
the same as Stage 4. Whether the overall eruption rate has decreased
is unknown because of the uncertainties in estimating the volume of
older lavas. See Table 1 for a summary of estimated eruption rates.
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are ~300 ka and younger in age. Only in postglacial time have rhyolites with

Only very small amounts of silicic lava erupted following Stages 1 and
2 until late in the Holocene, but drill core data indicate that signi  ficant
amounts of silicic material erupted prior to the ~ ~180 ka dacite tuff of
Antelope Well ( Fig. 9). Combining the large volume of silicic lava found
in drill holes ( Donnelly-Nolan, 1990b ) and giving weight to the spatial
distribution of both outcrops and drill holes, recognizing that most
exposed vents for silicic lavas are found high on the volcano, an estimate
of 20% of the volume of lavas with ages >180 ka is reasonable. Adding an
estimated 10 km 2 volume of the dacite tuff of Antelope Well, together
with estimated volumes of the younger silicic lavas, the total is
~100 km . Because silicic lavas cover <6% of the surface area of MLV,
this large volume estimate is surprising.

4. Beneath the volcano
4.1. Geothermal drilling

Geothermal exploratory drilling began at MLV in the early 1980's in
search of high-temperature fluids for generating power. Hulen and Lutz
(1999) report that twenty-six temperature-gradient boreholes outlined
a 10!7 km thermal anomaly focused primarily on the caldera and
guided siting of four production-scale drill holes. Alteration mineralogy
and reported temperature measurements indicate the presence of a
high-temperature ( ~300 jC) geothermal system ( Hulen and Lutz, 1999;
Bargar, 2001). Drill core were made available beginning in the late
1980's, allowing study of the previously hidden interior of the volcano
(Donnelly-Nolan, 1990b; Lowenstern et al., 2003; Donnelly-Nolan,
2006). Donnelly-Nolan (2006) sampled drill core from holes as deep
as1350 m, as well as cuttings from the deepest hole ( ~2900 m). Utilizing
chemical analyses and a few argon ages (Donnelly-Nolan, 2006 ), a
limited number of units were successfully correlated between drill holes
or between surface and drill hole units. Many units, however, could not
be matched convincingly. This is in part a consequence of the within-
flow compositional variability exhibited by many Medicine Lake lavas

fic lavas that

and because most lava flows and domes are of limited areal extent and
therefore not penetrated in multiple widely distributed holes. One unit
that could be correlated with some con fidence is the dacite tuff of
Antelope Well ( Fig. 9). Drill core data indicate that more than a third of
the subsurface volume under the main edi fice is silicic (Donnelly-Nolan,
1990b). Either the drill holes have been fortuitously located over thick
sequences of silicic units, or more likely (as we conclude) the core of the
volcano in fact includes a signi ficant proportion of silicic rocks.

4.2. Intrusive body

Beneath the erupted silicic rocks, at depths of 2 -2.9 km below the
volcano's summit caldera, drilling revealed the presence of hydro-
thermally altered granitoid rocks. Zircons from a sample of granodior-
ite collected at 2.6 km depth in a drill hole in the southeastern part of
the caldera were dated at 322 ka using U -Pb ion probe methods
(Lowenstern et al., 2003 ). An inclusion of a similar granitoid, collected
in the western part of the caldera, was dated by the same method and
yielded an age of 317 ka. Lowenstern et al. (2003) interpret these
results to indicate the presence of a large intrusion >6 km in diameter
emplaced under the caldera about 320 kyr ago. They also generated
U-Th disequilibrium ages on zircons from 6 unaltered granitoid
xenoliths found in lavas in and near the caldera and obtained ages as
young as Holocene, providing evidence that multiple intrusive events
have occurred through time. The spatial distribution of lava  flows that
contain granitic inclusions indicates that the composite granitoid
body is larger than the caldera . The drilled thickness of the
hydrothermally altered granitoid under the caldera approaches
1 km, implying an intruded volume in excess of 200 km 3.

Geophysical evidence predicted the existence of the intrusive
body. Finn and Williams (1982) used gravity data to infer the presence
of a shallow intrusion under the center of the volcano. Seismic
refraction ( Zucca et al., 1986; Fuis et al., 1987) and magnetotelluric
data (Stanley et al., 1990) also indicate the presence of high-velocity,
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high resistivity plutonic rocks under MLV. The high-velocity feature
was also imaged using tomographic methods ( Evans and Zucca, 1988;
Chiarabba et al., 1995; Ritter and Evans, 1997).

4.3. Evidence for magma bodies and depth of magma generation

Seismic tomography identi fied a small silicic magma body under
the eastern part of the caldera ( Evans and Zucca, 1988; Chiarabba et al.,
1995). Itis located at 3 to as much as 7 km depth and has a volume of
10 to a few 10's of km 3. Experimental petrologic studies of the late
Holocene rhyolites and inclusions of Little Glass Mountain and Glass
Mountain indicate crystallization at pressures equivalent to depths of
3 to 6 km ( Grove and Donnelly-Nolan, 1986; Grove et al., 1997 ). Two
long-period (LP) earthquakes have been detected under the volcano,
possibly indicating magma migration at depth ( Pitt et al., 2002).
Seismic monitoring of the volcano has not been continuous, so
additional LP events could have occurred without being detected.

5. Origin and deformation of the caldera

The 7112 km caldera of MLV forms a shallow basin containing the
112 km Medicine Lake ( Figs. 3, 4) and defined by arim of late Pleistocene
vents and flows of distinctive high-Na O composition (see box, Fig. 10a)
that erupted along arcs on the north, east, and south rims.  Anderson
(1941) proposed that the basin resulted from foundering of the caldera
block as rim andesite lavas traveled up the ring fractures and erupted at
the surface. Ice has modified the shape of the caldera rim, removing
some vent cones and smoothing the surfaces of all lava  flows except the
late Holocene dacite and rhyolite  flows.

The single ash-flow tuff apparently erupted from the caldera, based
on size measurements of pumice lumps and lithic inclusions. The largest
of both are found in an intra-caldera outcrop located in the western
caldera <1 km northwest of Medicine Lake. However, most of the caldera
rim is younger than the tuff, so the present caldera basin is not simply a
direct result of the ash- flow tuff eruption. Examination of core from drill
holes scattered across the upper part of MLV ( Donnelly-Nolan, 2006 )
indicates the presence of the tuff in most of the holes ( Fig. 9) and the
presence of a significant thickness (~30 m) in drill holes on the upper
south and southeast sides of the volcano in a quadrant where no tuff is
exposed at the surface.

Comparing the depth at which the dacite tuff of Antelope Well is
found in drill holes located within the caldera reveals that the tuff is
found ~240 m lower in elevation in the center of the caldera than at
the base of the north rim. The tuff is also found ~440 m lower in
elevation within the central caldera drill hole compared with outcrops
of the tuff in the western caldera. Thus, down-dropping of the center
of the caldera relative to the margin is apparently in the range of
240 m to 440 m. Using these figures, calculated rates of down-
dropping are 1.3 mm/yr to 2.4 mm/yr since eruption of the tuff at
~180 ka. Assuming that some of the down-dropping occurred as a
direct consequence of eruption of the tuff, then an even lower overall
rate of subsidence has existed over the last ~180 ka.

Dzurisin et al. (2002) have shown that the center of the caldera is
currently subsiding with respect to the margin of the volcano at the
rate of 8.6 mm/yr. The rate is 4.9 mm/yr for the center of the caldera
relative to the caldera rim. The overall subsidence is explained as a
combined result of east —west regional extension and the weight of the
large edifice itself over a hot, weak crust ( Dzurisin et al., 1991, 2002 )
combined with the cooling of hot rock beneath the volcano ( Poland
etal., 2006). The 4.9-mml/yr rate is at least twice the overall rate since
eruption of the dacite tuff of Antelope Well indicating that the present
high rate of deformation is clearly anomalous.

6. Geochemistry and petrology

The chemical composition of MLV lavas ranges from primitive
basalt to high-SiO , rhyolite although the volume and characteristics of
rhyolite have varied in signi ficant ways through the history of the
volcano. Variation diagrams for selected major and trace elements
(Fig. 10) illustrate the different ranges of compositions during the  five
eruptive stages. Early high-SiO , rhyolites were surprisingly abundant
during Stage 1 and were accompanied by emplacement of granitic
intrusive rocks at shallow depth under the caldera ( Lowenstern et al.,
2003). A fundamental change occurred at ~300 ka when rhyolitic
volcanism apparently ceased and gave way to dominantly ma fic lavas
that mantled the surface of the volcano. Another ~100 ka passed
before significant amounts of silicic lava erupted again, none more
silicic than 71% SiO,, but generating the volcano's single ash- flow tuff.
Dacite (63-69.9% SiQ) has erupted less frequently than any other
compositional type at MLV, so it is interesting to note thatthe ~ ~180-ka
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dacite tuff of Antelope Well contains pumices with compositions
ranging from 63 to 67% SiO,. Following this, few and scarce silicic
eruptions occurred despite evidence of silicic intrusions obtained
from dating of granitic inclusions (Lowenstern and others, 2003). In
late Holocene time, rhyolite eruptive activity resumed when ma fic-
inclusion-bearing, relatively high-SiO , rhyolite erupted from fissures
framing the west and east margins of the caldera.

One possible explanation for the abrupt shift at ~300 ka from a
volcano with abundant silicic domes and  flows to a dominantly ma fic
shield volcano is a change from a very high to a moderate extension
rate. Novak and Bacon (1986) argued in their work on the Coso
volcanic field that a very high rate of extension would result in rising
basaltic magma in many cases lodging within the extra space created
in the crust rather than traveling to the surface. The heat from the
stalled basaltic melts would in turn melt crust and generate rhyolitic
magmas that could ascend to the surface because of their lower
density. By this theory, basalt would be more likely to reach the
surface if a moderate extension rate prevailed than in the presence of a

high extension rate. By analogy to models proposed by Hildreth (1981,
Fig. 15), MLV is probably undergoing moderate extension combined

with moderate magmatic input. By comparison, arc-axis Cascade
volcanoes are typi fied by little or no extension and modest magmatic

inputs.

Repeated passage of basalt together with some pooling in the crust
could result in assimilation and fractionation leading to eruption of
more evolved lavas including the basaltic andesite and andesite
forming much of the edi fice of MLV. The nature of the magmatic input
also plays an important role, with H ,O-rich calcalkaline parent
magmas critical for the development of high-SiO , derivative melts.
The combination of calcalkaline parental melts with crustal melting,
assimilation and mixing processes led to the development of a
pronounced calcalkaline differentiation trend in the lavas of MLV
(Grove and Kinzler, 1986; Grove et al., 1988 ) seen in FeO/MgO vs. SiQ
(Fig. 10b). The relative scarcity of silicic lavas and their lower silica
contents beginning at ~300 ka may indicate that growing magma
bodies were disrupted by extensional tectonic episodes frequently
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enough that the magma could not evolve to high-silica rhyolite. The
magma body that generated the dacite tuff of Antelope Well perhaps
grew to signi ficant size because of the added weight of a glacial ice
cap. Even so, the dacitic magma of the tuff erupted before it had time
to evolve to rhyolite.

HAOT basalt erupted early at MLV and probably throughout its
history, although none has been identi fied among Stage 2 lavas. The
largest and most primitive such basalts erupted in Stage 4 and 5 time
covering >600 km ? total area. Measurement of the water content in
glass inclusions in the youngest HAOT at MLV ( Sisson and Layne, 1993
gives <0.3 wt.% H,O indicating very dry magma. Experimental
petrologic study of the 13-ka primitive HAOT of Giant Crater (  Bartels
et al.,, 1991) indicates that it is in equilibrium with a mantle
composition at ~11 kbars and apparently is derived from unusually
hot mantle ~1300 jC (Bacon et al., 1997; Elkins Tanton et al., 2001).
Concurrently since at least early Stage 2 time, hydrous calcalkaline
arc-type basalts ( Fig. 11) have erupted, including eruptions from some

of the easternmost vents of MLV. These lavas are characterized by
pronounced large ion lithophile (LILE) enrichment, high  field strength
element (HFSE) depletions, and light rare earth element (LREE)
enrichments ( Fig. 11) and constrast with the LREE depletions exhibited
by the HAOT lavas. Among the group of lavas that exhibit a subduction
signature (Elkins Tanton et al., 2001) is the most areally extensive
basalt at the volcano, the 86-ka basalt of Yellowjacket Butte ( Donnelly-
Nolan et al., 2005). Detailed petrologic studies of hydrous lavas
include Wagner et al. (1995) for late Pleistocene low-MgO arc-type
high-alumina basalt, Kinzler et al. (2000) of late Holocene basaltic
eruptions, and Grove et al. (1997) of the mafic parent magma for the
late Holocene rhyolite of Glass Mountain.

During Stage 5 Kinzler etal. (2000) found that the parent magmas for
the rhyolites were hydrous calcalkaline andesitic magmas. Signi ficant
crustal melting and assimilation were involved in producing the silicic
lavas, but fractional crystallization of hydrous calcalkaline parent
magmas also seems essential. Fractionation under hydrous conditions
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leads to early crystallization of Fe, Mg silicates and oxides. This leads to
SiO, enrichment and the generation of rhyolite lavas. By contrast, the
differentiation products of low-H ,O Stage 5 HAOT parent magmas are
iron-rich basaltic liquids. When these melts mix with melted granitic
crust the resulting magma s never more SiO ,-rich than basaltic andesite
or andesite.

Two apparently very similar late Holocene ma fic lava flows, the
Burnt Lava Flow ( Grove et al., 1988) on the south flank and the Callahan
Flow (Kinzler et al., 2000) on the north flank (Figs. 3, 4 have very
different origins when studied in detail. The 34-km 2, 56-58% SiQ
Burnt Lava Flow contains both granitic inclusions and quenched
magmatic inclusions of HAOT. Microprobe study of pyroxene pheno-
crysts (Grove et al., 1988) identi fied an iron-rich component inter-
preted as fractionated from an HAOT parent basalt. Calculations
indicate that the lava flow was generated by fractionation of HAOT,
assimilation of surrounding granitoid, and additional injection of
primitive HAOT. The 24-km 2, 52-58% SiQ Callahan Flow, by contrast,
shows no evidence of HAOT parentage. Instead, the trace element
signature of the ma fic parent is like that of other hydrous subduction
zone lavas and it follows a hydrous fractional crystallization trend
(Kinzler et al., 2000 ). The effect of high H ;O is to suppress plagioclase
and enhance early crystallization of Fe, Mg silicates. Also, the effect of
increased H,0 is to cause oxides to appear earlier in the crystallization
sequence, closer to the liquidus. The effectis early SiO , enrichment that
leads to rhyodacitic differentiation products.  Kinzler et al. (2000)
further propose that crystallization of basalt and andesite with high
magmatic water contents leads to silica enrichment of residual liquids
and, when combined with crustal melting, can generate signi  ficant
volumes of silicic magma, whereas fractionation of water-poor ma  fic
magmas can generate only small volumes of rhyolite. The large
volumes of erupted rhyolite ( ~100 km ) and intruded silicic magma
(>200 km ) therefore argue strongly in favor of high water contents.

Additional detailed petrologic studies by  Grove and Donnelly-
Nolan (1986) , Grove et al. (1997), and by Baker et al. (1991) of other
postglacial lavas utilized the presence of quenched ma fic magmatic
inclusions and lithic granitic fragments to argue for a combination of
processes in the generation of the erupted lavas. In various propor-
tions depending on the lava flow, the processes include fractionation,
assimilation of granite, recharge of parental mafic magma, and
magma mixing (the FARM model).

7. Discussion: What kind of volcano is MLV and why is it there?
7.1. Is MLV a volcano or a volcanic field?

Avolcano in its simplest form is the single vent where lava erupts
at the surface. Itis also the edi fice constructed over the vent, such as a
cinder cone or lava dome. However, a volcano can also be a complex
edifice including multiple vents and their products, such as a shield
volcano or a stratovolcano. A volcanic field, by contrast, consists of
many distributed vents with no single central focus. Although
multiple cones and domes are scattered over its surface, MLV has
built a km-high shield-shaped edi fice with a central caldera from
which an ash- flow tuff erupted ~ 180,000 years ago. It is not a shield
volcano in the sense of Mauna Loa or Kilauea, which lack silicic
products, but more aptly a “composite volcano” (Davidson and De
Silva, 2000) or a “central volcano ” (Walker, 2000 ). Geologic models of
MLV suggest a volcano built over a fundamentally basaltic magmatic
focus consisting of a complex of dikes, sills, and derivative magma
bodies (Donnelly-Nolan, 1988; Poland et al., 2006 ). Itis apparently also
cored by its own large cooled intrusive bodies.

7.2. Is MLV a Cascades or Basin and Range volcano?

MLV has been variously included in ( Cascades Volcano Observatory
website; Donnelly-Nolan, 1990a ) or excluded from (e.g. Sherrod and

Smith, 1990; Hildreth, 2007 ) the Cascade arc. It lies to the east of the main
arc as defined by the north-northwest-trending linear array of dom-
inantly ma fic cones, shields, and small stratovolcanoes between MLV and
Mount Shasta, the largest Cascade stratovolcano (Fig. 5). MLV also
overlaps the western edge of Basin and Range extensional terrane. The
fundamental question, however, is whether the existence of MLV depends
upon the presence of the arc-de fining Cascadia subduction zone at depth.
Seismic imaging studies (Harris et al., 1991; Benz et al., 1992) indicate a
slab depth of about 200 km below MLV. Both calcalkaline basaltic lavas
(Kinzler et al., 2000 ) and low-K ,0 primitive HAOT basalt have erupted at
MLV (Fig. 11). The calcalkaline basalts show a trace element signature
diagnostic of subduction zones and the magmas have high pre-eruptive
H,O contents. In contrast, HAOT lavas are anhydrous mantle melts
generated from spinel peridotite sources in the uppermost mantle. HAOT
basalts are common in the adjacent northern California Basin and Range,
but vents for such basalts can be found as far west as Mount Shasta, as
well as sporadically up the Cascade arc into Washington State. East of MLV
a cluster of HAOT vents (“Hackamore center” of Donnelly-Nolan et al.,
1996) erupted about 1 Ma forming a behind-the-arc basaltic lava field
with no associated andesitic or silicic lavas.

Hydrous subduction-related basaltic lavas have erupted across
MLV since at least 275 ka (Fig. 11) and probably earlier during the
poorly exposed initial 200 ka of the volcano's history. Recently
published Li isotope data for basalts and basaltic andesites from the
Shasta-Medicine Lake area correlate inversely with distance from
the trench and are consistent with fractionation of Liisotopes during
dehydration of the subducted slab ( Magna et al., 2006).
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Fig. 12. Interpretive map extending from northern CA to southern WA showing arc axis
(red dashed line) with fore-arc volcanoes to west (orange), rear-arc volcanoes to east
(green), along with boundaries (purple dashed lines) between rear-arc volcanoes and
back-arc volcanic terranes. Fore-arc volcanoes are Mount St. Helens (MSH) and Mount
Shasta (S); labeled arc volcanoes are Mount Hood (MH), Mount Jefferson (J), Three
Sisters (TS), and Crater Lake (CL); rear-arc volcanoes are Mount Adams (A), Newberry
Volcano (NV), and ML (Medicine Lake Volcano); behind-the-arc volcanic  fields are the
Simcoe Mountains volcanic field (SM), Walker volcanic field (WVF), and Hackamore (H).
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Newberry Volcano ( Fig. 1), another large shield-shaped volcano
with a central caldera that has erupted a range of lava compositions
including rhyolite and ash- flow tuffs during the past half million
years, is located in central Oregon just east of the main Cascade arc.
Newberry and MLV exhibit similar shield-like pro  files and abundant
poorly porphyritic  fluid mafic lavas. No other such volcanoes are
present to the east in the Basin and Range. Helium isotope data
indicate that Newberry basalts fall in the range of Cascade basalts
and have distinctly lower *“He values than basalts in the High Lava
Plains to the east (Graham, 2007). We interpret both MLV and
Newberry to be subduction-relat ed, rear-arc Cascade volcanoes,
although their locations behind the volcanic front in extensional
tectonic environments have strongly in fluenced their eruptive
histories. Fig. 12 illustrates our interpretation, showing the inferred
arc axis, fore-arc and rear-arc volcanoes, and approximate bound-
aries separating the rear-arc volcanoes from back-arc volcanism.

The Simcoe Mountains volcanic field (Fig. 12) just east of Mount
Adams in southern Washington State is sometimes considered
analogous to Newberry and MLV (e.g. Hildreth, 2007 ), but we consider
the analogy to be incorrect. The Simcoe Mountains field is a
distributed volcanic field that had ceased erupting prior to initiation
of either Newberry or MLV. Simcoe also lacks the central focus of an
edifice or caldera. The correct central Oregon analog to the Simcoe
Mountains field is the highland of vents and lava flows east of
Newberry Volcano, here called the Walker volcanic field (Fig. 12),
which form the center of the area mapped by Walker et al. (1967) . The
appropriate Simcoe analog for MLV is the Hackamore area and the
volcanic terrane farther east in the Devils Garden of northern
California. The total breadth of Quaternary volcanism in northern
California is approximately the same as the 150-km breadth in
southern Washington.

We consider Mount Adams to be the correct rear-arc analog to MLV
and Newberry despite its contrasting shape. Mount Adams is located
~55 km east of the forearc volcano, Mount St. Helens, just as the
center of MLV is ~55 km distant from the fore-arc volcano Mount
Shasta. A physical comparison of MLV and mapped ( Hildreth and
Fierstein, 1995) Mount Adams and adjacent lavas offers an interesting
comparison. Of 98 mapped units ~500 ka and younger, 34% are basalt
containing 52% SiO, or less, 53% have>52 to 63% SiG, and 13% are
dacitic. MLV has just over twice the number of mapped units, covers
almost twice the area, and is estimated to have more than double the
volume, but similarly ~30% of its units are basalt with 52% SiO, or less,
58% have>52 to 63% SiQ,, and 12% are dacite or rhyolite. Adams lavas
are typically porphyritic, with 67% of the 98 units having more than
10% phenocrysts and 31% having more than 20% phenocrysts. By
contrast, only 16% of MLV units have more than 10% phenocrysts, and
fully 50% have 3% or fewer phenocrysts. The low shield shape of MLV is
probably a result of the fluidity of its mostly poorly porphyritic lavas,
in contrast with the more viscous porphyritic lavas that built the
Mount Adams stratocone. We speculate that Adams, in its location
north of the reach of Basin and Range extension, is located in a less
extensional tectonic setting than MLV, resulting in a smaller magmatic
focus, the consequent absence of rhyolites, and longer crustal
residence times for crystallizing derivative magmas.

8. Summary and conclusions

Results from nearly three decades of detailed geologic mapping,
geochemistry, petrologic studies, argon dating, paleomagnetic mea-
surements, geophysics, and study of drill core at Medicine Lake
Volcano in northern California have led to a signi ficantly revised
understanding of this large shield-shaped edi fice. The early history of
MLV was dominated by rhyolite eruptions, based on drill holes that
also penetrated a composite granitoid body at ~2 km depth. The
intrusive body had been predicted by geophysical techniques, which
also identi fied a small shallow magma body. By contrast with the early

dominance of rhyolite, little high-SiO , lava erupted post-300 ka
until late Holocene time when a different type of rhyolite, enriched

in both 80 and mafic magmatic inclusions, erupted across the top
of the volcano. An apparent dacite episode at ~200 ka resulted in the
volcano's single ash- flow tuff, although eruption of the tuff was not
solely responsible for creating the 7!12 km summit caldera, which

is rimmed by ~100-ka andesite that was fed up the buried ring
faults.

Lavas younger than 100 ka cover more than half the area of MLV,
thus calculation of eruptive rates through time is problematic. An
overall rate of 1.2 km * per thousand years is calculated assuming an
estimated total erupted volume of 600 km 3. The rate for post-100-ka
eruptions is probably ~0.6 km* per thousand years. The youngest,
best-documented eruptive activity has been episodic. Age data are
inadequate to determine whether early activity was episodic, but
based on distinctive compositional signatures in each of the five
identi fied stages of the volcano's history, volcanism has had neither a
regular pattern in time nor in compositional evolution.

The tectonic setting of the volcano plays a fundamental role both in
localizing and focusing the heat source at the intersection of major
zones of crustal weakness: the northern extension of the Walker Lane
fault system, the southern extent of the Klamath extensional graben,
and the east-northeast-trending highland of vents that connects MLV
to the forearc volcano, Mount Shasta. Eruptions at MLV commonly
take place from multiple vents, which are typically aligned N 30j W to
N 30j E except near the caldera where the local stress field apparently
overrides the dominant east -west extensional environment. The
center of MLV overlies a “kink” in the overall extensional tectonic
setting facilitating upward travel of mantle-derived basalt into the
roots of the volcano.

Although MLV is located east of the main Cascades arc, it is
subduction-related and not a Basin and Range volcano. We also
propose a similar subduction connection for Newberry Volcano.
Both have erupted hydrous calcalkaline basalt throughout their
history as well as dry HAOT-type basalts. Despite the contrast in
shape between the shield-like edi fice of MLV and the stratocone of
Mount Adams, we argue that these two volcanoes are analogous,
subduction-related, rear-arc centers. The Simcoe Mountains volca-
nic field east of Mount Adams, sometimes cited as analogous to MLV,
is entirely older and consists instead of distributed vents rather than
a central edifice.
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