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Introduction 

The 1995 FOP field trip traverses through four major tectonic provinces: the Southern Cascades, 

Modoc Plateau, the Sierra Nevada block, and the Great Basin (Figure 0-2 in logbook). 

Seismicity in the northern section of this region (from Klamath Falls to Lassen Peak) occurs 

mostly in tight clusters associated with activity in specific fault zones or with volcanoes. 

Seismicity in the southern section (from Lake Almanor to Lake Tahoe) is dominated by activity 

along the Sierra Nevada-Great Basin boundary zone (SNGBZ; VanWormer and Ryall, 1980), a 

subprovince within the Walker Lane belt. The SNGBZ is a seismic belt formed by a nearly 

continuous north-northwest trending zone of earthquakes extending from the Garlock fault in 

southern California to the Lake Almanor region. Earthquakes in the zone tend to concentrate 

along the east flank of the Sierra Nevada. 

The level of seismic activity in the field area (relative to other areas in the western United States) 

ranges from very low in the northeastern corner of the Modoc Plateau to moderate in the region 

north of Lake Tahoe. Seismicity in the northern section along the southern Cascades-Great 

Basin boundary north of Lake Almanor generally occurs in clusters associated with volcanoes 

(Lassen Peak, Mt. Shasta, Medicine Lake) or north-northwest trending faults (Hat Creek fault, 

Klamath Falls area). Significant recent earthquakes in this area are the 1993 Klamath Falls 

sequence (two M6 events), the surface rupturing 1978 M4.6 Stephens Pass earthquake, and the 

1950 Lassen Peak earthquake (M5.5). No significant historical earthquakes have been reported 

in the northern region, although the minimum detectable earthquake has been estimated to be a 

magnitude 6 during the 1870's (Toppozada and others, 1981). Seismicity in the southern section 

along the SNGBZ from Lake Almanor to Lake Tahoe occurs in diffuse bands associated with 

northwest trending faults in the boundary zone. The most significant recent event is the 1966 M6 

Dog Valley earthquake north of Truckee. Five earthquakes of magnitude 6 or greater may have 

occurred in the southern region between 1850 and 1920 (Toppozada and others, 1981; 

Toppozada and Parke, 1982). 

Earthquake focal depths in the region show a distinct trend across the boundary between the 

Great Basin and adjacent provinces. Earthquakes in the Sierra Nevada block generally extend 

down to 40 km depth whereas earthquakes in the Walker Lane belt are located at depths less than 

20 km reflecting a difference in rheological properties between the two provinces (Hill and 

others, 1991; Rogers and others, 1991). In the immediate vicinity of Lake Almanor 90 percent of 

the earthquakes are located above 10 to 15 km. 

Focal mechanisms derived from recordings of well-located earthquakes in the study area suggest 

a relatively consistent orientation of least principal stress axes. In the Modoc Plateau and 



southern Cascades the dominant mechanism is normal faulting with approximate east-west 

extension (Klein, 1979; Simila, 1981; Braunmiller and others, 1995). Within the Sierra Nevada 

block, deformation occurs in a mix of strike-slip, normal, and reverse mechanisms (Wong and 

Savage, 1983). The maximum principal stress orientation is approximately north-south and the 

least principal direction is east-west, consistent with north-south crustal shortening and east-west 

extension (Hill and others, 1991). Along the SNGBZ and in the Walker Lane belt to the east 

earthquakes exhibit both normal and strike-slip faulting consistent with a tectonic regime 

influenced by both east-west extension of the Great Basin and right-lateral shear of the North 

American plate boundary (VanWormer and Ryall, 1980; Vetter and Ryall, 1983; Zoback, 1989). 

Historical Seismicity from 1850 through 1969 

Moderate to strong earthquakes have been reported in western Nevada and northeastern 

California since the mid 1800's. Since 1852, there have been five earthquakes of magnitude 6 or 

larger in this region. In addition there have been several smaller earthquakes which, despite their 

size, have resulted in surface rupture. 

The record of historical earthquakes in northern California began with the settlement of gold 

mining camps in the foothills of the Sierra Nevada in 1849-50. Similar settlements in western 

Nevada, mostly related to gold and silver mining in the Virginia Range, were founded starting in 

the 1850's. It was not until the 1870's, when the population had increased along the east side of 

the Sierra from the Owens Valley in the south to the Modoc Plateau in the north, that newspaper 

coverage was complete along most of the study area (Toppozada and others, 1981). Figure 1 

shows the approximate location of the pre-1900 events. 

The completeness of the historical catalog varies in direct proportion to the felt intensity and the 

population density. Before the gold rush in central California in 1849, information on 

earthquakes was obtained from the written records of the Franciscan missions located on the 

California coast from San Diego in the south to Sonoma in the north (Toppozada and others, 

1981). Events were rarely recorded unless they caused significant damage which means that 

only pre-1850 earthquakes of magnitude 7 or greater within 100 km of the coast appear in the 

catalogs. Following the gold rush, newspapers were established throughout California and the 

Comstock mining district in western Nevada. This lowered the magnitude threshold to 6.0 for 

the gold country (from Quincy south to Mariposa and as far east as Virginia City) and 6.5 for the 

rest of the region in the 1850's (Toppozada and others, 1981). Earthquakes of magnitude 7 or 

less could have gone unrecorded in Mono and Inyo counties (Toppozada and others, 1981). By 

the 1870's, newspaper coverage had extended into the Modoc Plateau and the detection threshold 

decreased to magnitude 6 for the majority of the study area (Toppozada and others, 1981; 

Slemmons and others, 1965). By 1950, the threshold was magnitude 3 for most of the study area 

except for the portion in southern Oregon where adequate coverage was not obtained until the 

Klamath Falls sequence in 1993 (Engdahl and Rinehart, 1991). Figure 2 is a map of epicenters 

in the region from 1900 through 1969. 

Significant Regional Historical Earthquakes 

Selected earthquakes in the study area are discussed in the following paragraphs. These 

earthquakes are significant because they highlight the active nature of the southern section of the 



study area in the late 19th and early 20th centuries. The descriptions are taken from Toppozada 

and others (1981), Slemmons and others (1965), and dePolo (1992). 

January 25,1855 

No reports of damage were found for this magnitude 5.5 located near the Nevada-California 

border (Toppozada and others, 1981). Rockfall was reported at Sierra Buttes and miners ran 

from the 400 foot level at the Blue Banks Mine in Sierra or Nevada county (Toppozada and 

others, 1981). 

September 3,1857 

Due to sparse settlement of the region at this time this earthquake is imprecisely located. It was 

strongly felt at California mining camps in the Downieville, Nevada City, and Placerville areas 

(intensity V-VI) and as far away as San Francisco (Toppozada and others, 1981). Toppozada and 

others (1981) have placed the location as the California-Nevada border region and assigned the 

event a magnitude 6.0. 

January 24,1875 

This earthquake has been placed both in the Mohawk Valley (Slemmons and others, 1965) and 

near Honey Lake (Toppozada and others, 1981). The Mohawk Valley location was based on 

reports by Turner (1896) of ground rupture in Pleistocene lakebeds. Toppozada and others 

(1981) base their location on observed intensities. Damage was reported in Janesville (VII) and 

Susanville (VI) and intensity V effects were reported in Truckee. Toppozada and others (1981) 

has assigned this event a magnitude 5.8. Figure 1 shows the two different locations mentioned in 

the literature. Hawkins and others (1986) review the geologic evidence for ground rupture and 

suggest that Turner's 1896 interpretation is incorrect. 

January 31,1885 

A magnitude 5.7 earthquake damaged buildings throughout Honey Lake Valley, causing 

intensity VII damage in Susanville (Toppozada and others, 1981). 

April 29,1888 

A magnitude 5.9 event occurred in the northern section of the Mohawk Valley causing intensity 

VII damage in Cromberg. Rockslides were reported north of Downieville and in Rattlesnake 

Canyon it was reported that the earth vibrated continuously all night (Toppozada and others, 

1981). 

June 20,1889 

This event caused intensity VII damage in Susanville and numerous aftershocks followed the 

magnitude 5.9 mainshock (Toppozada and others, (1981). People near Eagle Lake reported 

hearing loud booms during the aftershock sequences. 



1914 Reno Earthquakes 

In 1914, two magnitude 6 earthquakes occurred in the Truckee Meadows. The first occurred on 

February 18, a magnitude 6 event which caused minor damage to buildings in Reno (Slemmons 

and others, 1965). Intensity data suggest that this event was located in the Verdi area, west of 

Reno (dePolo, 1992). The second event, a magnitude 6.4, occurred just northeast of Reno (Bolt 

and Miller, 1975). Strong ground shaking from this event lasted about ten seconds, toppling 

chimneys in the Truckee Meadows (Slemmons and others, 1965). This was the largest 

earthquake to be felt in this region since 1868. The largest aftershock to the April 24 event was a 

magnitude 5 on April 27. The Truckee Meadows continued to experience aftershocks for the 

remainder of the year (Slemmons and others, 1965). 

December 29,1948 

Intensity VII damage in Verdi was caused by a magnitude 6.0 earthquake on this date. This 

event was preceded by six widely-felt foreshocks on December 27 and in Verdi during the 

following day there were almost continuous vibrations. The activity lessened during the next 36 

hours followed by the mainshock on the morning of the 29th. Damage occurred to nearly every 
building in Verdi. Some damage also occurred in Reno to the east. Rockslides were reported in 

the Truckee River canyon west of Verdi. dePolo (1992) suggests that the earthquake was 

centered in Dog Valley, along the north-trending Verdi fault or the northeast-trending Dog 

Valley lineament. 

1946 -1950 Lassen Earthquakes 

Three moderate earthquakes occurred in the Lassen region; a ML 5.0 event on 7 July 1946 and 

two events in 1950, a ML 5.5 on March 20 and a ML 4.6 on November 14. The 1946 event is 

located north of Lassen Peak, between Chaos Crags and Badger Mtn., and the 1950 events were 

located along the south flank of Reading Peak and the south flank of Lassen Peak, respectively. 

No other activity is reported with the 1946 event, however, the two 1950 events were 

accompanied by earthquake swarms, including foreshocks and numerous aftershocks. 

The March 20,1950 earthquake was the largest in a prolific swarm. Twenty-nine small 

foreshocks and over 7000 aftershocks were recorded. (Bolt and Miller, 1975). The November 14 

earthquake was the largest of a swarm that included one hundred and sixty-five foreshocks in the 

18 hours before the main shock and approximately 1700 earthquakes during the next 7 days (Bolt 

and Miller, 1975). Seismic activity from these swarms continued through the 1950s. 

December 14,1950 

A surface-rupturing magnitude 5.6 earthquake occurred near the Fort Sage Mountains at the 

southeastern end of Honey Lake Valley, approximately 70 km east of Lake Almanor. A 9.5 km 

long down-to-the-west scarp formed at the western base of the Fort Sage Mountains (Gianella, 

1951,1957). Estimates of dip-slip offset range from 20 cm to 60 cm if folding of alluvium is 

considered (Gianella, 1957). Gianella (1957) found no evidence of lateral offset. 



September 12,1966 

This magnitude 6.0 event occurred northeast of Truckee causing minor damage to the Prosser 

Creek and Boca dams, highways, railways, water flumes, and local buildings (Kachadoorian and 

others, 1967). Rockfall in the Truckee River canyon damaged the Southern Pacific Railroad line, 

a powerhouse at Farad, and US highway 40. Aftershocks of this event formed a linear zone 

about 10 km long trending northeast along the Dog Valley lineament (Ryall and others, 1968; 

Greensfelder, 1968). 

The focal depth for this event was estimated by Ryall and others (1968) and Tsai and Aki (1970) 

to be 10 km, with aftershocks distributed between 0 and 12 km depth. Tsai and Aki (1970) used 

surface waves as well as short-period body waves in constraining the focal depth. The focal 

mechanism calculated by Tsai and Aki (1970) shows strike-slip motion with a minor component 

of dip slip along either a northeast-trending (left-lateral slip) or northwest-trending (right-lateral 

slip) fault plane. The distribution of aftershocks, mainshock and aftershock focal mechanisms, 

and geomorphic evidence suggest left-lateral slip on a northeast trending structure (Hawkins and 

others, 1986). 

Recent Regional Seismiciry, 1970 - 1994 

Recent seismicity in the region from latitude 39°N to 43°N is shown in Figure 3. Earthquake 

locations are from the U. S. Geological Survey Northern California Seismic Network (NCSN) 

and inlcude merged data from the University of Nevada Reno. The distribution of epicenters for 

this time period is similar to that of the historical earthquakes. Seismicity in the northern section 

of the study area is at a low to moderate level. The Klamath Falls region has experienced 

relatively few historic earthquakes. The concentrated cluster of events in this region is related to 

the 1993 Klamath Falls sequence (next section). To the south seismicity is diffusely distributed 

between several clusters of events related to volcanic activity (Medicine Lake, Mt. Shasta, 

Lassen Peak) or associated with active structures (Stephens Pass, Tennant and Hat Creek 

graben). The Lake Almanor region has experienced a number of moderate earthquakes from 

1850 to 1969 (next section). Recent seismicity continues at a moderate level. Along the SNGBZ 

from Lake Almanor south to the north Lake Tahoe region the rate of historical seismicity is 

higher than in the northern section. Recent seismicity is at a low to moderate level. West of the 

SNGBZ, seismicity in the Great Valley-Sierra Nevada block is at a low level, with the exception 

of the 1975 Lake Oroville sequence which includes a magnitude 5.7 mainshock. To the east of 

the SNGBZ seismic activity is at a very low level with the epicenters diffusely distributed 

throughout the region. The north Lake Tahoe region has moderate activity with earthquakes 

associated with north-, northwest-, and northeast-trending structures. This region was very 

active from 1850 to 1900 (see preceding section). The period from 1900 to 1970 was less active 

with five magnitude 6 events occurring. The recent period of seismicity remains as active in 

term of numbers of small to moderate earthquakes with the largest being a magnitude 5.2 

earthquake in Soda Springs, California, 20 km southwest of the 1966 Dog Valley earthquake. 



Seismicity from Klamath Falls to Lassen Peak 

The 1993 Klamath Falls Sequence 

Figure 3 shows the location of the 1993 Klamath Falls sequence north of the California-Oregon 

border. Klamath Falls is located at the northwestern edge of the Great Basin province in a region 

dominated by north to northwest trending normal faults, some of which are Holocene in age 

(Hawkins and others, 1989). Historical seismicity in this area has been very low. Only ten 

earthquakes greater than magnitude three have been recorded since 1920 (Sherrod, 1993). The 

largest of these events was a magnitude 4.3 in 1948 northeast of Klamath Falls. 

The 1993 sequence started on September 20, with a magnitude 4.2 foreshock followed 12 

minutes later by the first magnitude 6.0 event. Two hours later a second mainshock, also 

magnitude 6.0, occurred several kilometers northwest of the first. Numerous aftershocks 

followed during the next three months. On December 4, a magnitude 5.1 aftershock occurred 

several kilometers to the southeast of the first mainshock. The two largest events in the sequence 

and many of the aftershocks had focal mechanisms exhibiting almost pure dip-slip motion on 

north and northwest trending nodal planes (Braunmiller and others, 1995). The orientation of T-

axes suggest east-west extension is occurring on faults in the area, possibly on the northwest-

trending Lake of the Woods fault zone (Braunmiller and others, 1995). This style of deformation 

is consistent with that observed elsewhere in the Great Basin (Zoback, 1989). 

Seismicity of the Medicine Lake Region 

Seismic activity in the Medicine Lake region from Medicine Lake volcano west to Stephens Pass 

has been low to very low. No earthquakes were reported between 1909 and 1950 (Bolt and 

Miller, 1975), although the detection threshold was probably about magnitude 4. More stations 

were added in the 1950s in the Mt. Shasta area, lowering the detection threshold to less than 

magnitude 3. Still, no earthquakes were reported in the area between 1950 and 1975 (Dzurisin 

and others, 1991). In 1980 the U. S. Geological Survey (USGS) added nine short period 

seismographic stations. Between 1978 and 1988, seismic activity increased with the occurrence 

of three earthquake swarms; the Stephens Pass area in 1978, near the town of Tennant, midway 

between Medicine lake and Mt. Shasta, in 1981, and within the Medicine Lake caldera in 1988 

(Figure 3). All three swarms are shallow, less than 5 km deep. The Tennant and Stephens Pass 

earthquake sequences occurred within the dominant regional structural grain of north-south 

trending extension faults of the western edge of the Basin and Range. The Medicine Lake 

earthquakes are related to subsidence of the Medicine Lake caldera. 

1978 Stephens Pass 

The Stephens Pass swarm began on August 1,1978 with a magnitude 4.6 earthquake. The event 

was followed by 5 earthquakes of magnitude 3.5-4.5 in the next 90 minutes (U. C. Berkeley 

catalog), and 100 to 200 magnitude 2 and greater events in the next 24 hrs. (Bennett and others, 

1979). The epicentral area is 15 km south of the town of Tennant. A second swarm began on 

August 12 with a magnitude 4.3 event that was followed by several events of magnitude 3-4. 



CDMG and the USGS installed a temporary seismographic network that monitored seismicity 

until the end of November 1978 (Bennett and others, 1979). On August 14 U. S. Forestry 

personnel reported north-south trending fractures that crossed the road about 5 km south of 

Stephens Pass (Dzurisin and others, 1991). The fractures follow an east facing scarp. Later 

observations documented a 2-km long 75-m-wide zone of tensional fractures, grabens, and 

circular depressions within the grabens (Bennett and others, 1979). Well located aftershocks 

show an 8-km-long aftershock zone dipping to east, away from the ground breakage to 4 km 

depth (Cramer, 1978). 

1981 Tennant Sequence 

The second shallow swarm occurred from January through February 1981, beneath the town of 

Tennant, about 10 km north of Stephens Pass. The following information is from Dzurisin and 

others (1991). The sequence began with a locally felt earthquake on January 1, followed by 

several dozen events of magnitude less than 3.0 from January 5-8. Activity increased on January 

9 peaking with a magnitude 4.1 earthquake. Seismicity declined considerably during the next 

few weeks with sporadic activity on January 12 and early February. A temporary seismic 

network was installed by January 15. Well determined focal depths from the network were 

shallow, <2 km. The 10-km long aftershock zone trends north-south, consistent with the region 

structural grain. No ground breakage was reported. 

1988 Medicine Lake Swarm 

The following is summarized from Dzurisin and others (1991). The Medicine Lake swarm 

began on 29 September 29,1988 with 20 events. The largest was a magnitude 3.3. Activity 

peaked in afternoon with 80 events in one hour including a magnitude 4.1, the largest event in 

the sequence. Activity declined rapidly with a few events per hour, to several events per day in 

October, and several per week through end of the year. Sporadic activity of small events (less 

than magnitude 3) continued into 1989. All of the earthquakes occurred within the caldera in the 

upper 2 km and most of them occurred in the center of the caldera. Dzurisin and others' (1991) 

model sees the Medicine Lake sequence as a reaction to subsidence induced by bending of a 

weak brittle surface layer containing lava flows and related sediments. 

Hat Creek Seismicity 

The Hat Creek area contains several north to north-northwest trending faults, including the Hat 

Creek, Rocky Ledge, McArthur, and Pratville Holocene faults. The Hat Creek graben is 

bounded on the east by the west-side-down Hat Creek fault and on th west by the east-side-down 

Rock Ledge fault and the unnamed Quaternary faults to the southeast. Recent microearthquakes 

are of magnitude 3 and under (Figure 4). Seismicity patterns show activity in the southwest that 

steps northeastward in a right-step fashion into the Hat Creek graben, continues to the northwest, 

within the Rocky Ledge fault zone, and then steps to the northeast again before dying out. Very 

few earthquakes have occurred along the Pittville and McArthur faults. 



Most of the seismicity within the Hat Creek graben has occurred in the southern part, between 

the Hat Creek fault and the unnamed Quaternary faults. There are two and possibly three diffuse 

north-northeast trends that are bounded by the graben, a distinct northeast-trending cluster of 

earthquakes within the unnamed faults on the west side of the graben, and a smaller denser 

cluster with a possibly east-west trend, located about 7 km south of the northeast trending cluster 

and west of the unammed faults. The diffuse north-northeast trends across the graben are events 

that have occurred fairly steadily over time. These trends may reflect a reaction of the graben to 

regional shear stresses. The distinct and larger cluster to the north predominantly consists of 

earthquakes from a swarm than began in October 1991 and continued through the end of that 

year. Over 60 events were recorded. The largest was a magnitude 3.1 on 5 October. Cross 

section A-A' in Figure 4 shows activity to about 20 km depth along vertical to steeply west-

dipping fault planes, consistent with the nearby mapped west-dipping faults that may dip into the 

west boundary of the graben. The nearly vertical pattern between 10 and 20 km supports a 

nearly vertical west boundary of the graben. Finally, the small dense cluster to the south consists 

of a swarm in 1982. The largest event was a magnitude 3.0 on August 17,1982. 

Lassen Seismicity 

The majority of the seismicity in the Lassen region is associated with the volcanic activity 

beneath Lassen Peak and adjacent peaks. Moderate earthquakes and accompanying swarms are 

documented in the historical record. The recent seismicity shows continued cluster activity. The 

U. C. Berkeley catalog reports seismic activity in the Lassen region dating back to the 1914 to 

1915 eruptions. Earthquakes were reported felt in the Lassen region for 20 minutes preceding 

the 1915 eruption. Significant historical earthquakes in this area were discussed in the preceding 

historical earthquake section. 

Lassen seismicity recorded from 1977 through 1994 predominantly consists of 3 distinct and 

fairly evenly spaced earthquake clusters that span about 8 km east-west across the southern flank 

of Lassen Peak, between Mt. Diller and Reading Peak (Figure 5). Non of the clusters are 

particularly tight, rather, they are somewhat diffuse and elongate, northwest to southeast. The 

density of the clusters increases from east to west. Projecting the clusters on an east-west cross 

section (Figure 5) shows that they generally occur at the same depth, between about 3 and 7 

kilometers. The west and middle clusters are more concentrated at 4-5 km depth, while the 

eastern cluster has a more diffuse distribution and possibly dips to the east. 

To study the spatial and temporal relationship of the three clusters we have plotted them as time-

slice map views in Figure 6. The approximate cluster boundaries are drawn around the clusters 

for comparison of one time-slice to another. Seismicity patterns from 1977-through 1981 show 

that the west and middle clusters were the most active at that time. The 1982 map shows a shift 

of activity to the middle and east clusters. The 1988 map shows that activity has again shifted 

back to the middle and west clusters. In 1992 activity was fairly evenly distributed. Finally, in 

1994 we see that most of the activity has shifted back to the middle and west clusters. Except for 

the higher rate of activity in the west cluster in 1988 and the low rate in 1994, the activity rates of 

these clusters is fairly constant. It is interesting to note that the 1994 data show no activity in the 

east cluster. 



The close proximity of these clusters, both horizontally and at depth and the shifting back and 

forth of activity over time suggest that their sources may be related, or linked, by a common 

conduit. The northwest trending elongate shape of the clusters suggests that they may be a 

reaction to magma movement along similar striking dikes. The east- west alternating of activity 

may be related to a reaction to fairly constantly changing loading pressures, stresses, or 

temperatures within and surrounding the magma bodies beneath Lassen Peak. 

Seismicity from Lake Almanor to Lake Tahoe 

Recent Seismicity in the Lake Almanor Region, 1970-1994 

Figure 7 shows the distribution of seismicity in the Lake Almanor region from the Pit River 

south to the north Lake Tahoe area. The most prominent regional trend of seismicity is along the 

SNGBZ which extends southeast from Lassen Peak to Truckee parallel to the Tahoe-Medicine 

Lake trough. This structure includes the Lake Almanor basin. Seismicity along this trend 

(roughly parallel to line B-B' on Figure 7) occurs in three separate clusters, highlighted by red 

ellipses in Figure 7. The northern-most Almanor cluster lies in the Lake Almanor basin 

extending northwest from the Indian Valley graben through Lake Almanor to south of Lassen 

Peak. To the southeast is the Quincy cluster, a more diffuse clustering of events along the 

Tahoe-Medicine Lake trough from Gold Lake in the south to Quincy in the north. This region 

was the locus of the recent magnitude 4.4 earthquake 20 km east-southeast of Quincy. This 

event (on June 18, 1995) was located 8 km deep and the focal mechanism showed nearly pure 

strike-slip motion on either a northwest-trending or northeast-trending fault plane. The southern 

most zone is near the intersection of the north-trending Mohawk Valley fault zone and the Dog 

Valley lineament in the north Tahoe region (point B' in Figure 7). This area was the locus of the 

1966 magnitude 6.0 Dog Valley earthquake. 

A second trend (the west Almanor cluster) is a subparallel and more diffuse trend west of Lake 

Almanor that extends 25 km northwest from the Butt Valley Reservoir to just south of Lassen 

Peak. This trend is, in part, spatially associated with the tectonic transition zone between the 

Sierra Nevada and the southern Cascades. West of here seismicity is reduced to a very low level, 

increasing again at the western margin of the study area. 

Focal Depths in the Lake Almanor Region 

Figure 7 shows the location of five seismicity cross-sections which show the spatial distribution 

of earthquake focal depths in the Lake Almanor region. Data from the catalog were filtered to 

remove those events having vertical and/or horizontal errors greater than 5 km. Section A-A' 

(Figure 8) is oriented perpendicular to the trend of the Tahoe-Medicine Lake trough and 

intersects the southern end of Lake Almanor. The western end of the section lies outside the 

seismicity study area, therefore, no earthquakes have been plotted. This section exhibits a trend 

which is repeated in sections C, D, and E, namely, a deepening of seismicity from east (or 

northeast) to the west. This is consistent with the view point that the Great Basin province, 

represented by the Walker Lane belt in this region, is a region of high average heat flow relative 

to the interior of the Sierra Nevada block resulting in a relatively shallow brittle-ductile transition 

zone. Earthquakes within the western Great Basin rarely occur deeper than 20 km, with 95 



percent of the events occurring in the upper 15 km (Ryall and Savage, 1969, Rogers and others, 

1991). Detailed source parameters studies of large Great Basin earthquakes indicate that 

mainshocks initiate between 8 and 16 km (Doser and Smith, 1985). These data support the 

suggestion of Smith and Bruhn (1984) that the base of the seismogenic crust is coincident with 

the brittle-ductile transition zone at about 15 km depth. 

Section B-B' (Figure 8) is oriented approximately parallel to the trend of the Tahoe-Medicine 

Lake trough. Because events from both the Sierra Nevada block and the Walker Lane belt are 

projected on to this plane information about the depth to the base of the seismogenic zone in 

these provinces is not efficiently presented. What this section does show is the relative increase 

in seismic activity at the intersection of the southern Cascades, Sierra Nevada, and Great Basin 

provinces (northwest of the intersection with A-A' in the Almanor region; Figure 8). 

Section C-C (Figure 9) extends from Lake Oroville to Honey Lake passing through the Quincy 

cluster along the Tahoe-Medicine Lake trough. The concentration events near point C are 

primarily aftershocks from the 1975 Oroville earthquake. In the northeast end of the section, 

seismic activity is very low, despite the presence of the Honey Lake fault zone, a major right-

lateral fault in the northern Walker Lane belt which has an estimated Holocene slip rate of 2 

mm/yr (Wills and Borchardt, 1993), and several moderate historic earthquakes (Figure 1). 

Section D-D' (Figure 9) is oriented east-west across the intersection of the southern Cascades, 

Great Basin, and Sierra Nevada tectonic provinces. In the western end of the section the 

increasing depth of Great Valley earthquakes can be clearly seen. There is a diminution of 

activity as the line progresses east until the Lassen area is reached where the three provinces 

intersect. The seismicity at the intersection is clearly more shallow than the Great Valley 

province in the west, yet deeper than the very sparse seismic activity indicates to the east. 

Section E-E' (Figure 9) extends from the Klamath Mountains province in the west to the Modoc 

Plateau in the east. This section shows a west dipping seismogenic zone with focal depths in the 

west averaging 20 km and those in the east about 60 km away averaging 8 km. About 60 km 

from point D the line intersects the Hat Creek graben where earthquakes extend down to a depth 

of 25 km. 

Association of Seismicity with Structure in the Lake Almanor Region 

Figure 10 is a map of the Lake Almanor vicinity showing earthquake epicenters in relation to the 

faults mapped during PG&E's field program. The map shows some of the seismicity clusters 

described in the previous section (see Figure 7 for a better view of the clusters). In the lower 

right hand corner of the map the northern part of the Quincy cluster can be seen along with the 

location of several historic events. As with all the earthquakes observed in this region a 

definitive spatial association of hypocenters with a specific mapped fault is difficult, in part 

because the dataset lacks sufficient spatial resolution but also because the diffuse distribution is a 

common characteristic of seismicity in the western Great Basin and Sierra Nevada block (Rogers 

and others, 1991; Hill and others, 1991; Wong and Savage, 1983). Northwest of the Quincy 

cluster there is a gap in seismicity followed by the Almanor cluster which extends from the 

Round Valley Reservoir northwest to Juniper Lake. The location of this cluster is consistent 

with activity on faults comprising the Lake Almanor-Indian Valley graben, bounded on the 
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northeast side by the Keddie Ridge and Almanor faults and on the west by the Muleshoe Mine, 

Rock Lake, and Stover Mountain faults. Focal depths in the graben range from near surface to 

20 km with a distinct clustering between 5 and 12 km (Figure 8, cross section A-A' beneath B-B' 

intersection). There is a clear break in seismicity to the west of the Lake Almanor-Indian Valley 

graben followed by the west Almanor cluster. This cluster is another diffuse grouping of 

epicenters with a general northwest trend located west of the Stover Mountain, Rock Lake, Butt 

Creek faults. This seismicity may be associated with activity on a system of late Cenozoic faults 

west of the Stover Mountain fault. Focal depths in the west Almanor cluster range from near 

surface to 20 km, with a slight deepening of events to the southwest (Figure 8, cross section A-

A'). Focal mechanisms from this cluster show mostly reverse slip on nodal planes ranging in 

orientation from northeast to northwest to west. 

The average depth to the base of the seismogenic crust at Lake Almanor was determined by 

constructing a histogram of focal depths in the area. Events from the Almanor and west Almanor 

clusters were used in the compilation. The depth above which 90 percent of the earthquakes 

occur is 12.3 km. After considering the average vertical error of 2.5 km a reasonable range for 

the depth to the base of the seismogenic zone for this area is 10-15 km, consistent with other 

estimates in the Great Basin province (Smith and Bruhn, 1984; Rogers and others, 1991). 

Seismicity in the Lake Tahoe region 

Figure 11 shows the distribution of epicenters from the catalog in the north Lake Tahoe region 

from 1970 through 1994. Also shown in Figure 11 are Holocene (red), late Pleistocene (blue) 

and undifferentiated Quaternary and late Cenozoic (black) faults. The cross-sections are oriented 

to highlight characteristics of seismicity along the SNGBZ as was done for the Almanor area. 

Section I-I' (Figure 12) is oriented approximately perpendicular to the SNGBZ. The intersection 

of line J-J' with I-I' marks the location of the Sierra Nevada frontal fault zone in this region. 

West of the intersection with J-J' (about 45 km northeast of point I) is the Sierra Nevada block, 

with its typically lower levels of seismic activity and significantly deeper focal depths. About 15 

km northeast from point I, along section I-I', is a cluster of events containing a magnitude 5.2 

earthquake on November 11,1980, near Soda Springs, California. This event is located within 

the Sierran block and focal depths of the aftershocks extend down to 25 km. The focal 

mechanism for the mainshock indicate oblique-slip on northeast- or northwest-trending nodal 

planes. To the northeast of this cluster, about 45 km from point I, the cross-section extends 

through the epicenter of the 1966 magnitude 6.0 Dog Valley earthquake (located in the cluster 

near the intersection of the cross-sections). This cluster contains events from a swarm of 

earthquakes in 1983 which are associated with the 1966 aftershock zone (Hawkins and others, 

1986). Relocation of these events by Hawkins and others (1986) show that they have focal 

depths ranging from 10 to 20 km. This is below the focal depth of the 1966 earthquake which 

was located at 10 km (Tsai and Aki, 1970). The study by Hawkins and others (1986) concludes 

that the majority of seismic energy released in the Dog Valley aftershock zone since 1973 has 

occurred directly below the rupture area of the 1966 event. Focal mechanisms for the larger 

events in the 1983 swarm indicate strike-slip faulting on either northeast- or northwest-trending 

fault planes (Hawkins and others, 1986) which is consistent with the 1966 mainshock focal 

mechanism. Northeast of the intersection with J-J' the section traverses the Walker Lane belt in 

the Reno area. Seismicity in this area exhibits the same characteristics as seen in Section A-A', 
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C-C, and D-D' in the Almanor region, namely, diffuse clustering of events with focal depths 

primarily above 15 km. This distribution of seismicity is typical of the Walker Lane belt in this 

region. 

Section J-J' (Figure 12) is oriented parallel to the general trend of the transition between the 

Sierra Nevada block and the Walker Lane belt. As seen in cross-section B-B' in Figure 8 

seismicity occurs in clusters along the trend of the transition zone. The near vertical alignment 

of hypocenters at the intersection with I-I' is consistent with the interpretation of the Dog Valley 

fault as a vertically dipping structure (Hawkins and others, 1986). Seismicity between the 

intersection with I-I' and point J' is generally clustered between 5 and 15 km depth. This 

seismicity is probably related to the Mohawk Valley fault zone, although uncertainties in 

hypocentral location preclude assigning these events definitively to this structure (Hawkins and 

others, 1986). 

The denser configuration of seismographic stations in the Reno-Tahoe region gives more 

confidence in the location of earthquake hypocenters. The pattern of seismicity across the 

SNGBZ show an abrupt deepening of average focal depths across the transition going from east 

to west, a pattern repeated in the Lake Almanor region. Therefore, we conclude that the pattern 

of seismicity in the Lake Almanor region south of Lassen Peak, despite the unfavorable station 

coverage, is representative of the transition from the Great Basin province to the Sierra Nevada 

block. 

Focal Mechanisms and Style of Deformation from Lake Almanor to Lake Tahoe 

Focal mechanisms from selected events in the region from Lake Almanor to north Lake Tahoe 

were calculated using event phase data from Northern California Earthquake Data Center. In 

Figure 13, the P- and T-axes from these data are plotted on a base map showing the location of 

faults compiled by Sawyer (1995). In order to highlight any systematic change in orientation of 

stress axes across the SNGBZ only axes with plunges within 20 degrees of horizontal are used. 

In Figure 13 the P-axes (the maximum principal stress axes) are shown in green and the T-axes 

(least principal stress axes) in red. The orientation of T-axes indicate west to northwest directed 

least principal stress as is found along most of the Walker Lane belt and SNGBZ (Zoback, 1989). 

This stress orientation is consistent with a tectonic regime influenced by both east-west extension 

of the Great Basin and right-lateral shear of the North American plate boundary (VanWormer 

and Ryall, 1980; Vetter and Ryall, 1983; Zoback, 1989). The P-axes are oriented north to 

northeast south of Quincy and northwest in the Almanor region and to the north. The orientation 

of stress axes do not, by themselves, provide a means to delineate province boundaries. But, as 

will be seen in Appendix B, an inversion of these data to obtain the orientation of the principal 

strain axes provides a framework in which to determine the potential for slip on faults of various 

orientations in the Lake Almanor region. 
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Figure 1. 

Earthquake 

from IS5C) through 

1899 in the northern 

luilfoi'thc study area, 

California locations 

from Toppozada and 

others (1981) and 

J ownley and Allen 

(1939). Nevada 

locations from the UNR 

catalog. The two 

locations for the 1-K75 

discussed in the text Liru 

shmvn with an arrow. 



Figure 2. 

Earthquake epicenters from 

1900 through 1969 located 

in the northern half of the 

sludy area. Data from UCB 

and UNR catalogs. The red 

squares represent events for 

which no magnitude has 

been assigned in the 

catalogs. The dales refer to 

earthquakes discussed in the 

text. 

42* N 

!_crjr;.nc:_ 

Magnlludes 

Uneaslpne 

□ 1.0-2.9 

] 3.0- 3.9 

4 O--4 9 

39" N 



Figure 3. 

InsSru mentally located 

sessmicity in northern 

California, Nevada, and 

southern Oregon from 

through 1994. Data from 

the Northern California 

Seismic Nctwwork. 
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Figure 4. M;ip of llic Hal Creek fault /one showing faults mapped by Sawyer (1995) 

and earthquakes 1977 through 1994 (NCSN). Cross section A-A1 predominantly consists 

of events from the October-December 1991 sequence. 
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Figure 5. Map and cross section of Lassen seismicity, 1977 through 1994 (NCSN). 
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Figure 6. Selected time-slice maps of the Lassen area. The approximate boundaries of 

the three prominant clusters are circled. Data are from the NCSN. 
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Figure 7. Earthquake epicenters in the Lake Almanor region during the period 1970 through 

1994. Data from the NCSN. The bold green lines represent the plane of seismicity cross-sections 

drawn through the region. The lighter weight lines represent the area from which data are 

projected onto the cross-section. The red elipses refer to earthquake clusters along the Sierra 

Nevada -Great Basin boundary zone discussed in the text. 
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Abstract 

Regional patterns of late Cenozoic faulting and modern seismicity show that deformation in 

a 100-300 km wide region in eastern California and western Nevada primarily 

accommodates northward translation and counterclockwise rotation of the Sierran block, 

rather than distributed motion of the Pacific plate with respect to stable North America as 

defined by the NUVEL-1 model. Space-based geodetic studies define the independent 

motion of the Sierran block microplate as counterclockwise rotation about an Euler pole 

located off the coast of southern California (lat 32°N, long 128°W). Faults in the eastern 

California shear zone, Walker Lane belt and Tahoe-Medicine Lake trough lie within an 

approxmately 100 km wide region bounded by two small circles drawn about the Sierran 

block Euler pole, and collectively comprise what is referred to in this paper as the greater 

Walker Lane belt. Strike-slip faults in the greater Walker Lane belt typically are subparallel 

to small circles drawn about the Sierran block Euler pole, and major normal faults exhibit a 

left-stepping en echelon geometery with respect to the small circles that is consistent with 

accommodation of dextral shear parallel to motion of the microplate. The Lake Almanor 

region lies within a broad releasing stepover along the eastern margin of the Sierran block 

microplate whereby dextral strike-slip faulting in the Mohawk Valley region is transferred 

to primarily extensional deformation in the Hat Creek graben. Kinematic analysis of 

earthquake focal mechanisms shows that the direction of macroscopic NW dextral shearing 

progressively rotates counterclockwise to more westerly orientations from south to north in 

the greater Walker Lane belt, subparallel to the trajectories of small circles about the Sierran 

block Euler pole. Macroscopic dextral shearing defined by the seismicity is only locally 

parallel to NUVEL-1 Pacific/North American plate motion. If this interpretation is correct, 

regional patterns of faulting and seismicity suggest that much of northern California west of 

the Tahoe-Medicine Lake trough is moving in the same direction, although perhaps at not 

the same rate, as the Sierran block microplate. 

Introduction 

The Lake Almanor study region is located within a 100-300 km wide zone of distributed 

late Cenozoic deformation that lies between the Sierra Nevada to the west and the Basin and 

Range to the east, and extends from the southern Mojave desert in southern California to at 

least as far north as the Oregon-California border (Figure 1). Although active seismicity 

and evidence for Quaternary faulting have been observed along most of the 1300 km length 

of this zone, workers have assigned different names to the southern, central and northern 

reaches. The southern reach, which extends across the central Mojave desert from the San 

Andreas fault to the Garlock fault, was named the "Eastern California shear zone" by 

Dokka and Travis (1990). The central reach, which extends from the Garlock fault 

northward to the south end of the Tahoe basin, is referred to in the literature as the "Walker 

Lane belt" (Stewart, 1988). The northern reach, which includes the Lake Almanor basin, 

extends from Lake Tahoe basin on the south to at least as far north as Klamath Lakes in 

southern Oregon, and was named the "Tahoe-Medicine Lake Trough" by Page et al. 

(1993). Most of the workers cited above have recognized or speculated that the individual 

reaches probably are part of a much longer, and probably continuous, zone of late 

Cenozoic deformation. For simplicity, the entire 1300 km zone is referred to in this paper 



as the greater Walker Lane belt because this name has precedence in the literature (see 

Stewart, 1988, for a summary of previous work on the Walker Lane). 

The predominant style of active deformation within the greater Walker Lane belt is 

distributed northwest dextral shear accommodated by strike-slip and normal faulting 

(Dokka and Travis, 1990; Wright, 1976; Stewart, 1988; VanWormer and Ryall, 1980; 

Page et al., 1993). Based on analysis of geodetic data, Sauber et al. (1994) determined that 

up to 12 mm/yr of northwest dextral shear strain is accommodated by distributed 

deformation in thecentral Mojave block (e.g. the* Eastern California shear zone) at the 

southern end of the greater Walker Lane belt. Based on analysis of space geodetic data, 

Dixon et al. (1995) estimated that distributed deformation at the latitude of Owens Valley 

between the Sierra Nevada and a site at Ely, Nevada, accommodates approximately 9 

mm/yr of northwest dextral shear strain, with the bulk of active deformation occurring 

within the greater Walker Lane belt. Northwest dextral shear strain probably extends into 

the northern reach of the greater Walker Lane belt (e.g. the Tahoe-Medicine Lake trough), 

because space-based geodetic studies show that an observation site at Quincy along or near 

the northeastern margin of the Sierra Nevada presently is moving approximately 8.9 mm/yr 

toward N64W (Dixon et al., 1995). Although space-based geodetic data are not available 

north of the Tahoe-Medicine Lake trough, characteristic northwest-directed motion of the 

greater Walker Lane belt may extend north of the California border. Based on a kinematic 

analysis of late Cenozoic faulting, Pezzopane and Weldon (1993) concluded that distributed 

faulting in a broad, northwest-trending zone between eastern Oregon and central 

Washington probably accommodates a minimum of 3 mm/yr of northwest-directed motion. 

The rate and direction of the northwestward displacement of the Sierra Nevada indicated by 

Very Long Baseline Interferometry (VLBI) geodesy suggests that up to 22-25% of the total 

motion between the Pacific and North American plates is taken up by distributed 

deformation in the greater Walker Lane belt and the Basin and Range province (Argus and 

Gordon, 1991). The VLBI data also indicate, however, that distributed shearing in the 

Walker Lane belt does not exclusively accommodate Pacific/North American plate motion. 

This clearly is shown by the N64W motion of the VLBI station at Quincy, which lies along 

the eastern margin of the Sierra Nevada and is moving approximately 28° more westerly 

than the N36W azimuth of Pacific/North American plate motion given by the NUVEL-1 

plate motion model. Argus and Gordon (1991) found that the motion of the Sierra Nevada 

with respect to stable North America is defined by counterclockwise rotation about an Euler 

pole located at lat 32° N, long 128°W, which lies approximately 10° southwest of the 

Sierran block off the coast of western California. The motion predicted by the Sierran 

Euler pole includes a component of counterclockwise rotation of the Sierra block in 

addition to northwest translation, which accounts for the more westerly motion of the VLBI 

site at Quincy than predicted by the NUVEL-1 Pacific/North American plate model. Argus 
and Gordon (1991) concluded that the Sierra Nevada and Central Valley of California 

together comprise a microplate that moves independently of distributed Pacific/North 
American plate motion. 

This interpretation of the behavior of the Sierran block, or microplate, has important 

implications for assessing the style of faulting in the greater Walker Lane belt, especially if 

distributed deformation primarily accommodates displacement of the Sierran block with 
respect to North America rather than Pacific/North American plate motion. If the motion of 

the Sierra Nevada with respect to North America is best defined by rotation about its 

independent Euler pole, then the trajectories of strike-slip faults in the greater Walker Lane 

belt that are most effectively oriented to accommodate this motion will be parallel to small 
circles drawn about the Euler pole, rather than parallel to the N36W azimuth of 

Pacific/North American plate motion given by the NUVEL-1 model. In addition, the 

direction of maximum northwest dextral shear in the greater Walker Lane belt will not be 



constant, but rather will vary systematically from south to north in order to follow curving 

trajectories described by small circles about the Sierran block Euler pole. 

This paper presents an analysis of regional patterns of faulting and seismogenic 

deformation in order to assess the relationships between deformation in the greater Walker 

Lane belt, motion of the Sierran block microplate, and distributed Pacific-North American 

plate motion. The implications for late Cenozoic faulting in the Lake Almanor region also 

are discussed. 

Late Cenozoic Faulting in the Greater Walker Lane Belt 

Most late Cenozoic and active faults in the greater Walker Lane belt lie within a 100 km 

wide region bounded by two small circles drawn about the Sierra Nevada Euler pole 

(Figure 1). At the southern end of the greater Walker Lane belt, the 100 km wide region 

encompassed by the two small circles passes through the central Mojave block and includes 

most of the distributed shearing in what is formally defined as the Eastern California shear 

zone (Dokka and Travis, 1990; Sauber et al., 1994). At the latitude of Owens Valley north 

of the Garlock fault, the 100-km-wide region spanned by the small circles borders the 

eastern margin of the Sierra Nevada and encompasses the major active strike-slip faults 

within the formally defined Walker Lane belt of Stewart (1988), including the Owens 

Valley fault, Panamint Valley-Hunter Mountain fault zone, and Death Valley-Furnace Creek 

fault zone. These strike-slip faults generally are subparallel to the trajectories of the small 

circles. Extensional step-overs between the strike-slip faults are bounded by north-

northeast-striking normal faults in Eureka Valley and Deep Springs Valley (Figure 1) that 

are oblique to the trajectories of the small circles. 

At approximately lat 38°N, and continuing at least as far north as the Lake Tahoe basin, the 

major late Cenozoic faults that comprise the Sierra Nevada frontal fault system assume a 

more northerly orientation with respect to the small circles about the Euler pole, and exhibit 

a left-stepping, en echelon geometry (Figure 1). The map-scale pattern of the Sierran 

frontal fault system in this reach of the greater Walker Lane belt is consistent with 

accommodation of distributed dextral shear parallel to the trajectories of the small circles by 

extension within a series of left-stepping normal faults. The only major dextral strike-slip 

fault within this reach of the greater Walker Lane belt is the Walker Lake fault in west-

central Nevada (Figure 1), which appears to be approximately parallel to the trajectories of 

the small circles at this latitude. 

A significant change in the pattern and locus of faulting occurs at the latitude of Lake 

Tahoe. Normal faults bounding the Lake Tahoe basin form a right-stepping pattern with 

respect to the trajectories of the small circles, indicating that slip along the eastern margin of 

the Sierra Nevada is being transferred to a more easterly locus of deformation that includes 

the primarily dextral Mohawk Valley and Honey Lake faults (Figure 1). Examination of 

the fault patterns with respect to the small circle trajectories shows that the Owens Valley 

fault and the series of normal faults bordering the Sierra Nevada between Lake Tahoe and 

Owens Valley lie along a more westerly small circle than either of the Mohawk Valley or 

Honey Lake faults. The change in the geometry of the Sierran frontal fault system at the 

latitude of Lake Tahoe is thus interpreted as a releasing step-over within the greater Walker 

Lane belt, where the locus of dextral shearing is transferred in a right-stepping pattern with 

respect to the trajectories of the small circles about the Sierran Euler pole. This 

interpretation is consistent with the conclusion of Page et al. (1993) that normal faults 

bordering the Lake Tahoe basin represent the northern continuation of the Sierran frontal 

fault system. 



Both the Mohawk Valley and Honey Lake strike-slip faults appeal- to be subparallel to the 

trajectories of the small circles (Figure 1), consistent with motion about the Sierran block 

Euler pole. Note that the strike-slip faults in the region between the Lake Tahoe and Lake 

Almanor basins trend approximately 25°-3O° more westerly than strike-slip faults at the 

latitude of Owens Valley. In the Lake Almanor basin, structural and tectonic trends turn 

abruptly to the north, diverging from the trajectories of the small circles and assuming the 

geometry of a releasing stepover similar to the eastward transfer of slip at the latitude of 

Lake Tahoe. This geometry is consistent with development of the Almanor structural 

depression and the north-northwest-trending Hat Creek graben north of the Lake Almanor 

basin. If correct, this interpretation suggests that much of northern California west of the 

Hat Creek graben is moving in the same direction as the Sierran microplate. 

Kinematic Analysis of Seismogenic Deformation 

In addition to regional patterns of late Cenozoic faulting, seismicity in the greater Walker 

Lane belt was analyzed to evaluate the kinematics of active, seismogenic deformation. The 

analysis consisted of inverting seismic P and T axes from earthquake focal mechanisms to 

obtain a reduced strain rate tensor for selected domains. The theoretical basis for the 

inversion is discussed in Twiss et al. (1993), and the analytical approach is presented in 

detail in Unruh et al. (in review). The best-fit model obtained from the inversion provides 

the orientation of the principal strain rate axes, a scalar parameter D that characterizes the 

shape of the strain rale ellipsoid, and a scalar parameter W that describes the contribution of 

independent block rotations to the direction of coseismic slip. This analysis focuses on the 

orientation of the principal strain rate axes obtained from the inversion. The orientations of 

the principal strain rate axes for domains in the greater Walker Lane bell, are shown 

graphically in Figure 2. 

Results of the inversion analysis show that seismogenic deformation in the greater Walker 

Lane belt primarily accommodates horizontal plane strain deformation. With only a few 

exceptions, seismogenic deformation in the greater Walker Lane belt is characterized by 

subhorizontal shortening directed approximately north-south, and subhorizontal extension 

directed approximately east-west (Figure 2). Both of the principal strain rates are 

approximately equal and opposite in magnitude. This deformation geometry is consistent 

with dextral faulting on northwest-southeast-striking faults, sinistral faulting on northeast-

southwest-striking faults, normal faulting on north-striking faults, and is consistent with 

previous analyses of seismogenic deformation in the central reach of the greater Walker 

Lane belt (VanWormerandRyall, 1980). Because the general trend of the greater Walker 

Lane belt is northwest-southeast, distributed shearing in this zone indicated by analysis of 

seismicity is interpreted to primarily accommodate northwest-directed dextral simple shear. 

Because the inversion approach used in this analysis is kinematically-based (e.g. designed 

to obtain a strain rate or deformation rate tensor, rather than a stress tensor; see discussion 

in Twiss et al., 1993), the orientation of the principal strain rates axes can be used to 

determine the direction of the maximum rate of dextral shearing, which should bisect the 

principal axes in the northwest and southeast quadrants. Figure 3 shows that the predicted 

direction of maximum dextral shear from the inversion analysis progressively rotates 

counterclockwise from south to north along the greater Walker Lane belt, subparallel to the 

trajectories of small circles drawn about the Sierra Nevada/North American Euler pole. The 

counterclockwise rotation of the principal su~ain rate axes and direction of NW dextral 

shearing is especially pronounced in the Lake Almanor region. The results of the inversion 

analysis (Figure 3) clearly show that the direction of seismogenic dextral shearing in the 

greater Walker Lane belt only locally is parallel to the N36W direction of shearing predicted 

by the NUVEL-1 model for Pacific/North American plate motion. 
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Formation of Quaternary Tectonic Basins in the Lake Almanor Region 

The Lake Almanor basin lies within a reach of the greater Walker Lane belt where motion 

of the Sicrran block microplate shifts from being accommodated by strike-slip faulting in 

the Mohawk Valley region, to extension and normal faulting in the Hal Creek graben. In a 

general sense, therefore, the development of numerous Quaternary tectonic basins in the 

study area is consistent with the presence of a broad, releasing stepovcr in the greater 

Walker Lane belt. The geometry of late Ccnozoic faults, the motion of the Quincy VLBI 

site, and the inversion of local earthquake focal mechanisms suggest that the direction of 

maximum dextral shearing in the lake Almanor region ranges between N50W and N75W. 

For the following discussion of late Cenozoic faulting in the Almanor region, ihc N64W 

motion of the VLBI site at Quincy (Dixon et al., 1995) is adopted as as the most likely 

direction of maximum dextral shearing. 

The transition from primarily strike-slip faulting in Mohawk Valley to extension in the 

north-northwest-trending Hat Creek graben occurs within a 30-50 km-widc /.one that 

extends approximately from Quincy southeast of Lake Almanor, to the vicinity of Humbug 

Valley southwest of Lake Almanor. From southeast to northwest, lale Cenozoic faults 

within this transitional region assume progressively more northerly orientations. For 

example, faults bounding the southwestern and northeastern margin of American Valley 

near Quincy strike approximately N70W and N40W, respectively, whereas the strike of 

faults in the vicinity of Butt Valley reservior to the northwest ranges from approximately 

N40W to almost due north-south. If the deformation in this 30-50 km wide region 

primarily accommodates distributed N64W dextral shear, then lale Ccnozoic faults should 

exhibit significant components of normal dip-slip separation as the general structural strike 

rotates to a more northerly orientation. Thus the appearance of numerous small tectonic 

basins such as Butterfly Valley, Meadow Valley, Humbug Valley, Round Valley and 

Indian Valley, many of which arc bounded on one or more margins by faults that strike 

nearly due north-south, is consistent with distributed transtensional deformation in the 

region between Quincy and Lake Almanor. 

In addition to the transitional nature of slip transfer from the Mohawk Valley region to the 

Hat Creek graben, the development of late Quaternary tectonic basins may be influenced by 

pre-existing structures in the Paleozoic and Mesozoic basement rocks. For example, 

bedding, cleavage, and the axial planes of folds in the vicinity of Butt Valley reservoir 

slrike between N22W and N50W (data taken from compilation by J. Hannah and E. 

Moores, unpublished bedrock mapping), with an average orientation of approximately 

N30W. This range of orientations for pre-existing bedrock structures is similar to the 

general N25W to N45W strike of faults in the combined Butt Creek-Stovcr Mountain fault 

system, but oriented 20° to 30° more northerly of the assumed N64W direction of 

macroscopic dextral shear. This comparison suggests that the general strike of the Butt 

Creek-Stover Mountain fault system may be more strongly influenced by prc-exisiting 

basement structures than the regional direction of shearing. If so, the more northerly trend 

of the basement fabric favors formation of right-normal oblique faults instead of dextral 

strike-slip faults. 

Structural and neotcctonic relations in the vicinity of Round Valley provide additional 

support for the hypothesis that basement structures may have influenced the development 

of late Cenozoic faults. The southwest-side down normal or oblique-slip fault that forms 

the northeastern margin of the late Cenozoic Round Valley basin lies along the mapped 

trace of the southwest-dipping Mesozoic Grizzly Mountain thrust fault (J. Hannah and E. 

Moores, unpublished bedrock mapping). The coincidence of the two structures strongly 

suggests that the Grizzly Mountain thrust has been locally reactivated as a normal or 

obliquc-s!ip fault to form the modem Round Valley basin. A possibly analogous example 



of reactivation of Mesozoic thrust faults as late Cenozoic normal faults in the Idaho-

Wyoming thrust belt was documented by West (1993). 

Based on these observations, the local transtensional nature of distributed deformation in 

ihe Lake Almanor region can be explained by (1) the progressive transition from strike-slip 

deformation in the Mohawk Valley area to extension in the Hat Creek graben across a SO-

SO km wide region, and (2) the possible influence of pre-existing Mesozoic basement 

Structure on the development and geometry of laic Cenozoic faults. Speculatively, the 

apparent control exerted by pre-existing structures in Lake Almanor region may reflect an 

immature stage of development of late Cenozoic faults such as ihe Butt Creek-Slover 

Mountain fault system. These structures may be so youthful and/or have such a low slip 

rate that they have noi yet formed an integrated through-going rupture plane that extends 

laterally and vertically through the seismogenic crust, and thus the pattern of faulting in the 

shallow crust is strongly influenced by the anisotropy associated with Ihc Mesozoic 

structural fabric. If this interpretation is correct, the influence of ihc pre-existing basement 

structures will diminish as the faults become more integrated and mature, as suggested by 

West (1992) for reactivation of Mesozoic thrust faults in the Inlermountain seismic bell as 

late Cenozoic normal faults. 

Summary 

Based on this analyses, distribtned deformation in the greater Walker Lane belt, which 

includes the Eastern California shear zone, Walker Lane and Tahoe-Medicine Lake trough, 

is interpreted to primarily accommodate motion of the Sierran block microplate with respect 

to stable North America, rather than distributed Pacific/North American plate motion. 

Major late Cenozoic faults within the greater Walker Lane belt that are parallel to small 

circles drawn about the independent Sierra Nevada/North America Euler pole (Argus and 

Gordon, 1991), such as Ihe Owens Valley, Walker Lake, Honey Lake and Mohawk Valley 

faults, are predominantly dexlral strike-slip faults. Major late Cenozoic faults that arc 

oriented oblique to and strike somewhat easterly of small circle trajectories, such as the 

Sierra Nevada frontal fault system north of Owens Valley and faults bounding the Lake 

Tahoe basin, primarily accommodate extension and exhibit left-stepping, en echelon 

geometries consistent with right-releasing transfers of deformation to more easterly small 

circles. 

The Lake Almanor study area is located within a large releasing stepover between ihe 

dextral Mohawk Valley fault system and the extensional Hat Creek graben. The orientation 

of major right-lateral strike-slip faults in the Lake Almanor region predicted by this model is 

approximately N50W to N75W, which is consistent with the N64W motion of the VLBI 

site at Quincy (Dixon et al., 1995) but directed approximately 15° to 35° more westerly of 

the N36W azimuth of Pacific/North American plate motion predicted by the NUVEL-1 

model. The more northerly strike of late Cenozoic faults in ihe Lake Almanor region 

relative to the approximately N64W direction of maximum dextral shear suggests that the 

structures should accommodate components of normal dip-slip separation, consistent with 

the development of numerous small tectonic basins. Pre-existing structural fabric in the 

basement may have exerted some control on the development of late Cenozoic faults in the 

Lake Almanor region. 
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A Magmatic Model of Medicine Lake Volcano, California 

Julie M. Donnelly-Nolan 

U.S. Geological Survey, Menlo Park, California 

Medecine Lake volcano is a Pleistocene and Holocene shield volcano of the southern Cascade Range. 

It is located behind the main Cascade arc in an extenstonal tectonic setting where high-alumina basalt is 

the most commonly erupted lava. This basalt is parenul to the higher-silica calc-alkaline and tholeiitic 

lavas that make up the bulk of the shield. The presence of late Holocene, chemically identical rhyolites 

on opposite sides of the volcano led to hypotheses of a large shallow silicic magma chamber and of a 

small, deep chamber that fed rhyolites to the suface via cone sheets. Subsequent geophysical work has 

been unable to identify a large silicic magma body, and instead a small one has apparently been 

recognized. Some geologic data support the geophysical results. Tectonic control of vent alignments and 

the dominance of mafic eruptions both in number of events and volume throughout the history of the 

volcano indicate that no large silicic magma reservoir exists. Instead, a model is proposed that includes 

numerous dikes, sills, and small magma bodies, most of which are too small to be recognized by present 

geophysical methods. 

Introduction 

Medicine I ake volcano is a Quaternary shield volcano that 

lies about SO km east-northeast of Mount Shasta, the largest 

of the Cascade stratovolcanoes (Figure 1). It is located east of 

the axis of the Cascade volcanic arc. Its low shield shape, 

similar to Newberry volcano of central Oregon which is also 

behind the arc. contrasts with the stratovolcanoes that dot the 

length of the Cascade chain. Medicine Lake volcano could be 

considered a Basin and Range volcano unrelated to the Cas 

cades, but chemical and temporal similarities as well as close 

spatial association indicate that Medicine Lake and Newberry 

volcanoes are indeed Cascadian. The setting of these two vol 

canoes behind the arc in a more extensional environment has 

contributed to their physical differences from the more impres 

sive stratocones. The Medicine Lake shield was built mostly 

by numerous very fluid lavas that flowed relatively long dis 

tances from their sources. More viscous lavas constitute a 

smaller volume. 

The presence of several late Holocene, high-silica lava flows 

on the upper parts of Medicine Lake volcano (Figure 2) has 

been used to argue for the existence of a moderately large 

silicic magma chamber [Eichelberger, 1981; Christiansen, 

1982]. Eichelberger proposed a silicic reservoir about 10 km 

across, with a flat bottom underplated by mafic magma 

(Figure 3). However, geophysical evidence discussed below in 

dicates that no large silicic magma body exists. Large magma 

bodies have apparently been found by geophysical methods at 

Yellowstone, at Long Valley, and at Clear Lake, California, 

but in many cases the geophysical search for magma bodies 

has been fruitless, notably in the Cascade Range [/yer, 1984]. 

In some instances the magmatic system may be temporarily 

depleted, but in most the magma bodies are probably small. 

Geophysical data (J. R. Evans, written communication, 1986) 

indicate the presence of a small low-velocity zone under the 

center of Medicine Lake volcano. Taken together with geolog 

ic evidence, the data are consistent with an underlying com 

plex of dikes, sills, and small magma bodies. 

This paper is not subject to U.S. copyright. Published in 1988 by 

the American Geophysical Union. 

Paper number 7B7064. 

Previous Studies 

Numerous geologic and petrologic studies of the volcano 

have been published. Early studies by Peacock [1931] and 

Powers [1932] described its main features and were followed 

by the classic study of Anderson [1941]. Anderson's geologic 

map remains the primary source of published geologic map 

ping for much of the volcano. Some K-Ar dates have been 

published by Luedke and Lanphere [1980], Mertzman [1982, 

1983], and Han ei al. [1984]. Other geologic studies include 

Anderson [1933], Eichelberger [1975], Heiken [1978], and 

Ciancanelli [1983]. Petrologic studies include Barsky [1975], 

Condie and Hay slip [1975], Mertzman, [1977a, fc], Mertzman 

and Williams [1981], and recently a series of papers by Grove 

and coworkers: Gerlach and Grove [1982], Grove et al. [1982], 

Grove and Baker [1984], and Grove and Donnelly-Nolan 

[1986], This recent petrologic work together with remapping 

of the volcano [Donnelly-Nolan and Champion, 1987; J. M. 

Donnelly-Nolan, unpublished mapping, 1979-1987] has led to 

new interpretations, some of which are published here. 

Geologic Setting 

Lavas from the volcano cover nearly 2000 km2, and their 

volume is estimated at 600 km3. Tholeiitic and calc-alkaline 

lavas are represented, including the silica range from 47 to 

77%, although dacites are rare. Temporal patterns of eruption 

are poorly understood because of limited K-Ar data, lack of 

incision and stratigraphic exposure, and near absence of sig 

nificant marker beds for stratigraphic control. However, some 

patterns can be discerned. Growth of the volcano began about 

a million years ago (J. M. Donnelly-Nolan and L. B. Pick-

thorn, unpublished data, 1980-1987), following eruption of a 

large volume of tholeiitic high-alumina basalt that is the prin 

cipal rock type of the Modoc Plateau. High-alumina basalt 

has continued to erupt around the flanks of Medicine Lake 

volcano throughout its history. The main edifice consists 

mostly of calc-alkaline lavas, dominantly basaltic andesite and 

andesite. Rhyolite and dacite are typically found on the higher 

parts of the volcano. Few eruptions have been explosive. Most 

eruptive events have produced lavas and their associated spat 

ter vents and cinder cones. Ashfall tephra deposits are uncom 

mon and only one ash flow tuff is known. 
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Fig. I. Location map showing extent of lavas of Medicine Lake volcano in lined pattern. LBNM is Lava Beds 

National Monument. Contour interval is 1000 feet. Medicine Lake volcano is entirely below 8000 feet and mostly above 

4000 feet. Heavy lines are faults [Gay and Aune, 1958]. 

Geologic Evidence Favoring a Large Silicic 

Magma Body 

The presence across the top of the volcano of several young 

silicic lava flows erupted in late Pleistocene and Holocene 

time strongly suggests the presence of additional silicic magma 

at depth. Two of the late Holocene silicic eruptions, at Glass 

Mountain and Little Glass Mountain, occurred on opposite 

sides of the caldera, 16 km apart, and yet the rhyolitic prod 

ucts of these eruptions are essentially identical in composition 

for the 10 major elements and about 30 minor and trace ele 

ments that have been determined. No primitive basalts are 

known to have have erupted since late Pleistocene time within 

the area where young silicic flows occur, although they have 

erupted to the south and north. Two late Pleistocene vents 

within the caldera have produced basaltic flows with silica 

contents of 50.2 and 52.3%. However, most of the lava in the 

area of the caldera is late Pleistocene andesite. 

Geophysical Data and Interpretations 

Gravity 

Medicine Lake volcano lies at the edge of a regional, 

roughly circular gravity low that also includes Mount Shasta 

[LaFehr, 1965]. A gravity high characterizes Medicine Lake 

volcano and is modeled by Finn and Williams [1982] as a 

high-density intrusive body, located 2 to 4 km below the sur 

face approximately centered under and extending beyond the 

7 x 12 km central caldera. They state that the body may 

extend below 4-km depth but cannot confirm this structure 

using gravity data. 

Maynelotelluric Data 

Magnetotelluric soundings by Stanley [1982] show that a 

resistive body lies 1.5 km below the caldera, not the conduc 

tive body expected if magma is present. 

Seismic Refraction 

Modeling of a seismic refraction survey across the volcano 

[Zucca et at., 1986] indicates a shallow high-velocity body 

under Medicine Lake volcano. A horstlike or pluglike struc 

ture of high-velocity material explains the travel time advance 

seen there. The authors propose a shallow pluton consisting of 

dikes and sills of basalt and small bodies of rhyolite. 

Teleseismic P Wave Residuals 

Preliminary analysis of teleseismic P wave travel time re 

siduals from an array across the volcano indicates high-

velocity anomalies in the crust and possibly the upper mantle 

to 100 km beneath the volcano [Evans. 1982]. One small low-

velocity feature was identified near a young lava flow on the 

southeast side of the volcano, but the absence of any other 

significant low-velocity region suggested to Evans that melt or 

partial-melt pockets forming before an eruption must be either 

very small, very short lived, or both. The 3-km station spacing 

employed along the center of the array is suflicient to resolve 

features larger than 3 to 5 km across at any depth in the crust. 

Active Seismic Imaging Experiment 

In September 1985, 140 seismometers were deployed over a 

17 x 12 km area centered over the caldera and the youngest 

eruptive center at Medicine Lake volcano, the thousand-year-
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Fig. 3. Previously published models of Medicine lake magma 

system. Volume of Heiken [1978] magma reservoir as shown is ap 

proximately 10 km3. Volume of Eichelberger [1981] silicic reservoir is 

approximately 140 km1. 

old Glass Mountain, which is located near the poorly defined 

eastern caldera rim (Figure 2). About 1 km3 of rhyolite and 

subordinate dacite erupted from at least 13 vents along a 

N25'W trend extending 5 km. These areas were considered 

the most likely on the volcano for a detectable shallow silicic 

magma chamber [Berge el at., 1985]. 

A series of explosions were set ofT in a circular array about 

SO km away from the study area to provide a high-frequency 

Pg phase at the array. Pg travel time anomalies were inverted 

to obtain a velocity structure (J. R. Evans, written communi 

cation, 1986). The method is capable of resolving, in three 

dimensions, velocity anomalies as small as I kmJ in the upper 

4-6 km of the crust even when they are part of complex 

structures that make reflection seismology impractical. The 

experiment was designed to test the hypothesis that Cascades 

magma chambers are smaller than other magma bodies stud 

ied and simply cannot be seen by the previously applied meth 

ods of seismic refraction and teleseismic P wave tomography. 

A similar study at Newberry volcano in Oregon identified a 

small low-velocity anomaly that may be a silicic magma 

chamber containing about I km3 to a few cubic kilometers, 

located about 3 km below the surface [Evans et a!., 1986]. 

Data from the Medicine Lake experiment are more equivocal 

but suggest a small, shallow low-velocity body under the east 

central caldera. This feature is located beneath a high-velocity 

caldera feature, suggesting that it is not simply caldcra fill but 

probably is a magma chamber with a volume of a few to a few 

lens of cubic kilometers. 

Discussion of Geophysical Findings 

Several conclusions can be drawn from the results of these 

geophysical studies: (1) no large magma body of any kind is 

present: (2) very small magma bodies are probably present, 

and one has apparently been identified; and (3) a high-

velocity, relatively high-density body is present at shallow 

depth under the volcano, perhaps as close to the surface as l.S 

km. 

If we accept that the geophysical techniques that have been 

applied at Medicine Lake volcano should have been able to 

detect a large magma body such as the 10-km-diameter 

chamber suggested by Eichelberger [1981] (Figure 3). then we 

must conclude that no such body exists in spite of the appar 

ent shadow zone. The model of Heiken [1978] (Figure 3) is 

similar in general to the seismic imaging findings of J. R. 

Evans (written communication. 1986), although the magma 

body as shown by Heiken is deeper than that modeled by 

Evans. 

Geologic Constraints on Silicic Magma Bodies 

Young Silicic Lavas 

Young rhyolite and dacite lavas dot the upper surface of 

Medicine Lake volcano (Figure 2). The largest and youngest 

flow is ut Glass Mountain to the east of the caldera. The Glass 

Mountain (GM) event occurred about a thousand years ago 

and began with the eruption of a Plinian rhyolitic air fall 

tcphra IHeiken. 1978] followed by 67% SiO} mixed dacite 

containing abundant mafic magmatic inclusions of basaltic 

andesite [Eichelberger, 1975. 1980. 1981]. As the eruption pro 

ceeded, rhyolite containing similar mafic magmatic inclusions 

formed part of the main flow as well as other domes to the 

south and north. Some of the domes to the north and south 

contain a broader range of inclusion compositions, sometimes 

in a rhyodacite host rather than rhyolite. Ten domes are pres 

ent to the north and one to the south along a N25°W trend 

about 5 km long. Inclusion-free rhyolite containing 73.5-74% 

SiO, was the last lava to erupt at GM and at adjacent small 

domes to the north. Granitic inclusions have been found in the 

dome to the south and in the sixth and tenth domes to the 

north. The volume of the GM event including the initial 

tephra blanket is about 1.0 km3. 

Just prior to the GM event. Little Glass Mountain, located 

16 km west of GM, erupted rhyolitic magma of identical 

chemical composition at about 10 sites including the Crater 

Glass flows along a 7.5 km N303E trend. No noticeable 

chemical variation is known to occur within these 73.5-74% 

SiOj lavas, but in contrast to the GM rhyolite. Little Glass 

and Crater Glass rhyolites are porphyritic. containing about 

I % of phenocrysts, mostly plagioclase together with a scatter 

ing of orthopyroxene and oxide minerals. The suite of in 

clusions also differs somewhat from the suite at GM, having a 

slightly higher average silica content and an apparently 

random spatial distribution. Granitic inclusions have been 

found in both of the flows at Little Glass Mountain and in 

several of the domes of the Crater Glass flows. The identical 

chemical composition of Little Glass Mountain (LGM) and 

Crater Glass flows together with identical inclusion suites and 

the same petrographic character indicates that these rhyolites 
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erupted during a single event, referred to here as the LGM 

event. Volume of the LGM event, including the initial tephra 

deposit, is estimated at 0.3 km3. 

Hundreds of years before the GM event at an unknown 

time in the late Holocene. a dike-fed silicic eruption occurred 

parallel to the trend of the GM dike. The dike that emplaced 

the Hoffman dadte of Anderson [1941] trends N25°-3O°W 

and lies less than 2 km west of the GM dike. Two flows are 

included in this event based on morphologic, petrographic, 

and chemical criteria: the Hoffman dacite flow of Anderson 

and a flow to the north, shown as the Hodman flows in Figure 

2. Both flows have silica contents of 71-72% SiO,, a value 

that would be higher if all of the mafic inclusions could be 

removed from the analyzed samples and thus are classified 

here as rhyolite rather than dacite. The inclusion suites are not 

so variable as those of the GM and LGM events, but the 

inclusions are more mafic. The Hoffman flows together with a 

probable preceding tephra deposit (C. D. Miller, written com 

munication, 1986) are here referred to as the Hoffman event. 

Volume of this event is estimated at 0.2 km3. 

The Medicine dacite flow is the only young silicic flow to 

erupt through the floor of the caldera. It contains 68-69% 

SiO, and possesses granitic and gabbroic fragments together 

with andesitic magmatic inclusions. The dacite erupted from 

two closely spaced vents on the northern floor of the caldera 

in late Holocene time prior to the GM and LGM events. Its 

age relation to the Hoffman event is unknown. The Medicine 

dacite apparently erupted nonexplosively, as it appears to lack 

an associated tephra deposit. Volume of the flow is about 0.1 

km3. 

The total volume of Holocene silicic magma erupted to the 

surface at Medicine Lake volcano is about I.S km3. Even if 10 

times this amount still resides in a single silicic magma body 

under the volcano, the volume of the body would be only IS 

km1. Such a body could be represented by a cylinder 2.5 km 

in diameter and 3 km high. A magma body of this size is near 

the limit of detection of geophysical techniques used to search 

for magma. 

Eruptive Patterns 

Medicine Lake volcano is dominantly mafic. The volume 

ratio of mafic to silicic eruptive products during Holocene 

time is about 10 to I. and it is about 20 to 1 in late Pleistocene 

time. The largest known eruptions at Medicine Lake volcano 

are basaltic, with volumes of about 5 km3. The largest known 

silicic eruption probably has a volume of about 1 km3. A 

rhyodacitic ash flow tuff initially interpreted to be an early 

eruptive product of the volcano [Donnelly-Nolan, 1983] may 

be much older based on tephrostratigraphy (A. M. Sarna-

Wojcicki. oral communication, 1986). This tuff may be the 

unit dated by Mertzman [1982] as 1.25 + 0.24 m.y. old. 

This pattern contrasts sharply with the eruptive products of 

volcanoes inferred to have large silicic magma chambers, e.g., 

Yellowstone. Wyoming, and Long Valley, California, and even 

the much smaller Crater Lake, Oregon, whose magma body 

emptied about 50 km3 to the surface about 6850 years ago 

[Baron. 1983]. Since the eruption of the andesite tuff from 

Medicine Lake caldera in late Pleistocene time [Donnelly-

Nolan and Nolan, 1986], additional andesite has erupted from 

the caldera rim and at least two basaltic lavas have erupted 

through the caldera floor. Since then, the only caldera erup 

tions have been silicic: the late Pleistocene rhyolite of Mount 

Hoffman from the north rim of the caldera, the late Holocene 

Medicine dacite flow through the floor of the caldera, and the 

late Holocene Hoffman event near the eastern edge. 

The Caldvra 

The caldera clearly exists as a 7 x 12 km topographic de 

pression in the top of the volcano, but the location of the rim 

is poorly constrained except by alignments of vents. No fault 

ing associated with caldera collapse has been identified. Ander 

son [1941] suggested that the caldera formed by collapse fol 

lowing extrusion of large volumes of andesite erupted from 

.vents at the caldera rim. However, the distribution of late 

Pleistocene vents, mostly concentrated along the caldera rim. 

suggests that ring faults already existed along which the ande 

site traveled to the surface. No single large eruption can be 

related to formation of the caldera: the only eruption known 

to have resulted in ash-flow tuff occurred in late Pleistocene 

time and was not accompanied by caldera faulting [Donnelly-

Nolan and Nolan, 1986]. Much of the volcano, however, is 

covered by relatively young lavas, and an early caldera-

forming event cannot be discounted. The most likely expla 

nation for the existence of the caldera is a variation on Ander 

son's 1941 idea. In this revised model the caldera formed early 

in the history of the volcano after collapse of the top. Collapse 

followed extrusion of fluid lava that moved downslope away 

from the center in a manner similar to the formation of Kil-

auea caldera. Hawaii. The caldera has persisted through time 

by the same mechanism and is not related to any one or more 

large explosive events. The volcano consists mostly of fluid 

lavas, and once the ring faults were established, they may have 

served to localize vents and allow net movement of lava away 

from the central focus of the volcano, thus maintaining a de 

pression at the top by repeated downsagging of the caldera 

floor. 

Primitive basalt has not erupted in the caldera in late Plei 

stocene or Holocene time despite numerous eruptions outside 

it. Eruptions outside the caldera are strongly controlled by the 

regional tectonic stress field as indicated by alignments of 

vents typically within 30 degrees of north. More easterly direc 

tions are present southwest of the caldera at Giant Crater 

where one set of vents is oriented N55°E and in the Paint Pot 

Crater area where two different basalt flows erupted from 

vents oriented N40"E. These vent orientations may reflect the 

strong ENE locus of volcanic activity that forms a highland 

extending from Mount Shasta. This ENE trend may reflect 

some aspect of the regional stress pattern. 

Dikes and Tectonic Control 

According to Bacon [1985], large magma bodies affect the 

stress regime in roof rocks so that precaldera leaks occur in 

nontectonic patterns. He further suggests that silicic vents that 

form linear arrays in areas of focused silicic volcanism may 

lead to small calderas: linear arrays of coeval silicic vents 

whose orientation is a consequence of the regional tectonic 

stress regime of the upper crust may be fed from small or deep 

reservoirs incapable of catastrophic eruption. Linear arrays of 

silicic vents at Medicine Lake volcano indicate that one of the 

latter possibilities is most likely. The 7.5-km-long dike erup 

tion of LGM shows no evidence of curvature and is interpre 

ted by Fink and Pollard [1983] to be vertical. Similarly, the 

5-km-long dike that fed GM appears to consist of shorter, 

straight, en echelon segments with no evidence of curvature 

toward the caldera. 
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Small Silicic Chamber 

Heiken [1978] suggested that a small deep magma chamber 

exists under Medicine Lake volcano and that this body fed the 

Glass Mountain. Little Glass Mountain, and Crater Glass 

flows via cone sheets. The body (Figure 3) is inferred to lie 7 

km below the caldera and to be 3 km across at its widest 

point: no bottom is shown. This hypothesized body is similar 

to that modeled by J. R. Evans (written communication. 1986). 

although the latter model suggests a much shallower body. In 

the Heiken model the cone sheets dip 45°-60° and the re 

quired distance of travel to the surface is 8-12 km. The shal 

lower depth of the body as modeled by Evans would require 

shallower dips of about 25°-35' and shorter distances of travel 

of 7.5-8.5 km or more complicated indirect pathways to the 

surface. If a single body such as that envisioned by Heiken or 

Evans fed eruptions of the GM and LGM dikes, then the 

rhyolite magma must have traveled a minimum of 7.5 km 

from the magma body to the surface and erupted over lengths 

of 5 km in the case of GM and 7.5 km for the LGM event. In 

both cases the magma must bypass the ring faults of the cal 

dera and the more direct path straight up to the caldera floor 

and erupt at the surface along straight alignments rather than 

the curved ones that might be expected from cone sheets erup 

ting at the surface. 

Granitic Inclusions 

The GM and LGM events and Medicine dacite brought 

rare partially melted granitic inclusions to the surface. Such 

inclusions, although usually more melted, are also present in 

several basalts and basaltic andesites. They may represent 

both slowly cooled rhyolitic equivalents and bedrock frag 

ments derived from the arc-type bedrock inferred by seismic 

refraction work [Zucca et al., 1986; Fuis et al.. 1987]. Short 

residence times are indicated for the granitic fragments in the 

host melts, particularly for mafic host magmas which would 

quickly melt such inclusions. Fast travel times to the surface 

or shallow depth of origin or both are indicated. 

Controls on the Medicine Lake Magma System 

Tectonic Setting 

Medicine Lake volcano is located at the western edge of the 

Modoc Plateau where north-south trending normal faults 

with up to a few hundred meters of displacement project 

toward the volcano and are buried beneath it. These faults 

decrease in number to the west and are not present at Mount 

Shasta. The faulted region around Medicine Lake volcano is 

evidently a transition zone between the Cascade volcanic arc 

and the Basin and Range province to the east. Intersecting 

with the N-S structural trend is a strong ENE trending lin 

eament that crosses the Cascades from Mount Shasta to Me 

dicine Lake. A concentration of volcanic vents forms a high 

land that connects the two volcanoes. An older structural 

trend of NW trending normal faults also projects under Medi 

cine Lake volcano. Thus the location of the volcano is likely 

to be a result of the intersection of structural trends forming a 

locus of weakness within the crust. Heiken [1978] pointed out 

that Medicine Lake volcano lies at the intersection of several 

fault systems, an additional similarity with Newberry volcano. 

Open ground cracks are common on and around Medicine 

Lake volcano. Cracks that are associated with the late Holo-

cene LGM event have been described by Fink and Pollard 

[1983], who use the geometry of the cracks to argue for a dike 

eruption of the rhyolite. Sawtooth edges of the cracks can be 

shown to fit back together in an east-west direction, consistent 

with the extension direction indicated by the regional normal 

faults (Figure I). The structural evidence indicates that Medi 

cine Lake volcano lies in a region of east-west extension. This 

back-arc, strongly extensional environment [McKee et al.. 

1983; Hart et al.. 1984] provides the necessary tectonic setting 

for some primitive basalt to reach the surface after traversing 

35-40 km [W///. 1978; Zucca et al.. 1986] of crust without 

evidence of contamination. Many basalt magmas may travel 

upward from the mantle along pathways previously traveled 

by similar basalt, thus decreasing the possibility of crustal 

contamination. 

High-Alumina Basalt 

Primitive high-alumina basalt has erupted around the 

flanks of Medicine Lake volcano throughout its history. Lavas 

erupted at Giant Crater on the south flank of the volcano in 

early Holoccne time are as primitive as any erupted early in 

the volcano's history (Figure 4). Basaltic lavas with K2O con 

tents of 0.1% and less are relatively common; their major and 

trace element signatures, hand specimens, and thin sections 

are nearly indistinguishable. Based on the long span of time 

during which it has erupted, its consistent chemistry and area I 

distribution, and petrological experiments and modeling, high-

alumina basalt magma is here and elsewhere [Grove et al., 

1982; Grove and Baker. 1984; Grove and Kimler, 1986] inter 

preted to be parental to the higher silica lavas of the volcano, 

in part by fractional crystallization and in part by other pro 

cesses including contamination and mixing of magmas. 

The total volume of high-alumina basalt erupted to the 

surface at Medicine Lake volcano during its history is un 

known. During Holocene time an estimated 5 km1 erupted, 

nearly all of that at vents for the basalt of Giant Crater 

(Figure 2) over a time span estimated from paleomagnetic 

I 
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Fig. 4. Spider diagram of Medicine Lake high-alumina basalts. 

Sample number 880 is early Holocene basalt of Giant Crater. Samples 

767 and 840 are latest Pleistocene in age. Samples 984, 851, and 631 
represent early basalts of the volcano, mid-Pleistocene in age. Note 

that there is no difference between young and old basalts. Note also 

the unusual K and Rb depletions and the Sr and Ba enrichments, the 
latter typical of island arc basalts. 
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data (D. E. Champion, oral communication, 1986) to be less 

than 100 yr. The initial part of the Giant Crater material has a 

higher silica content and contains granitic inclusions, but this 

contaminated lava represents only a relatively small part of 

the total volume. High-alumina basalt accounts for about 

60% of the volume of all material erupted at Medicine Lake 

volcano in Holocene time. Because most of the Holocene 

high-alumina basalt erupted in a single episode, the volume 

erupted in Holocene time may not be an accurate predictor of 

total volume. Other large-volume high-alumina basalt erup 

tions occurred in late Pleistocene time, e.g., the Mammoth 

Crater event on the north1 flank of the volcano during which -

about S km1 of basaltic lava erupted. Lack of stratigraphic 

exposure limits the accuracy of volume estimates for lavas in 

pre-late Pleistocene time. The volcano is surrounded by a 

broad apron of high-alumina basalt, mostly of unknown age 

and from unknown vents. The very fluid nature of this basalt 

may account for its relative scarcity in outcrop on the main 

edifice of the volcano when compared with the abundant de 

rivative lavas of higher viscosity. 

An estimate can be made of the magma supply rate. As 

suming that two times as much magma is intruded as extrud 

ed, as is the case in Hawaii [Dzurisin et al., 1984], then the 

calculated rate of supply to Medicine Lake volcano in Holo 

cene time is 0.002 km3/yr. Assuming that the volume of all 

products of Medicine Lake volcano is 600 km1 and that the 

oldest lavas are I m.y. old, the calculated long-term rate is the 

same, 0.002 km3/yr. The ratio of intruded to extruded magma 

at Medicine Lake is probably higher than that in Hawaii in 

order to account for the much larger volume of high-silica 

derivative magmas, but even assuming 10 times as much in 

truded as extruded, the calculated magma supply rate of 0.01 

kmJ/yr is still only a tenth of the rate of Hawaii. During a 

particular episode of basaltic volcanism at Medicine Lake 

such as that of Giant Crater, the rate is about the same as at 

Kilauea. 

The high-alumina basalt at Medicine Lake volcano has 

been compared to mid-ocean ridge basalt by Hart [1971], 

Philpotts et al. [1971], McKee et al. [1983], and Hart et al. 

[1984]. Its primitive nature can be seen in Figure 4, which 

shows it to be depleted in many elements including K2O com 

pared to the mid-ocean ridge basalt (MORB) of Pearce 

[1983]. However, enrichments in Ba and Sr are typical of 

primitive island-arc basalts [Arculus and Johnson, 1981]. 

Behind the Cascade arc, high-alumina basalt is a common 

rock type, particularly in Oregon, northern California, south 

western Idaho, and northwestern Nevada [Waters, 1962; 

McKee et al., 1983; Hart et al., 1984]. 

Origin of Derivative Magmas 

Grove and his students [Grove et al., 1982; Gerlach and 

Grove, 1982; Grove and Baker, 1984] have convincingly dem 

onstrated that the calc-alkaline andesite of Medicine Lake 

volcano can be derived from high-alumina basalt by a combi 

nation of processes including fractional crystallization, assimi 

lation of crustal material, and magma mixing. Grove and 

Donnelly-Nolan [1986] showed that rhyolitic magmas can be 

produced by fractional crystallization of andesite. Inclusion 

suites in Holocene silicic lavas include granite and other plu-

tonic fragments, chilled mafic melts, and cumulate gabbros. 

The granitic fragments provide physical evidence of contami 

nation, and the cumulates represent material removed from 

the andesite parent during fractional crystallization. 

The chilled mafic melt inclusions are of variable compo 

sition even within a single host rhyolite or dacite, varying 

from 49.S to 57.5% SiO2 in Glass Mountain and its associated 

domes and from 52.2 to 61.8% SiO2 in the Little Glass 

Mountain-Crater Glass rhyolite. Grove and Donnelly-Nolan 

[1986] successfully modeled the production of a similar rhyo 

lite using two of the andesitic inclusions as starting points. 

The range of inclusion compositions suggests that the erup 

tion process may have tapped underlying compositionally 

zoned mafic magma. 

GM and LGM rhyolitic lavas have essentially identical 

-major-and trace element-compositions and were erupted 

within a very short time span {Heiken, 1978] on opposite sides 

of the volcano in late Holocene time. This fact led Heiken to 

suggest that both lavas were fed by cone sheets from a single 

small magma body. There are some differences between the 

GM and LGM magmas, e.g., the slightly different inclusion 

suites, the porphyritic nature of LGM rhyolite versus the 

aphyric GM rhyolite, and the initial eruption of mixed lava at 

GM. Such differences may be accounted for by variations in 

the process of transport of the magma to the surface, or per 

haps by tapping of different parts of the magma reservoir. 

Alternatively, the magmas may have developed simultaneous 

ly on opposite sides of the caldera by fractionation of ande-

sites of very similar composition. Very similar late Pleistocene 

andesite lavas are present in both areas. 

Possible Magmatic Models 

The lack of geophysical evidence for a large silicic magma 

body together with tectonic control of vent alignments and the 

dominance of mafic eruptions throughout the history of the 

volcano suggests that no such body exists. A large silicic 

magma body may have existed in the past based on the pres 

ence of older high-silica rhyolites, although no other evidence 

such as ash flow tuffs or large Plinian ashfall deposits has been 

found. 

A single small silicic reservoir such as that envisioned by 

Heiken [1978] is a viable model, particularly in light of the 

discovery by J. R. Evans (written communication, 1986) of an 

apparent small low-velocity body under the caldera. Such a 

body also explains the essentially identical compositions of 

GM and LGM rhyolites on opposite sides of the caldera if 

tapped by dipping cone sheets. The model does not explain 

why the 5- and 7.5-km dikes that fed GM and LGM erupted 

outside the caldera, the magma bypassing both the direct ver 

tical path to the surface and the ring faults of the caldera as 

conduits. 

One possible explanation for the lack of basaltic vents in 

the caldera is that there is not enough pressure in the system 

for primitive basalt to erupt at the top of the volcano and 

instead it erupts on the flanks. This situation occurs frequently 

in Hawaii where magma intrudes into the rift zones of Kilauea 

rather than erupting in its caldera. Or the caldera may contain 

unconsolidated sedimentary fill or hydrothermally altered ma 

terial that does not sustain fracturing. Such material could 

inhibit propagation of cracks to the caldera floor and thus 

■ promote subjacent intrusion and ponding. If something is in 

terfering with the passage of the basalt to the surface, another 

possibility is that numerous small pockets of derivative 

magma too small to be seen by geophysical techniques have 

formed and are forming under the central part of the volcano. 

Numerous small magma bodies and liquid-filled cracks may 

inhibit the flow of basalt to the surface and promote ponding 
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& sediments 

Sx verlical exaggeration 

Fig. 5. Cjrloon of Medicine Lake magma system. The field of view is approximately 40 km wide by S km high, with 

v x vertical exaggeration. The width of conduits is greatly exaggerated. Underlying the Modoc Plateau lavas and sedi 

ments is an arc terrane similar to the Sierra Nevada [Zuciu ei al.. 1986; Fuis e\ al.. 1987]. 

as sills and dikes. The presence of lower-density magma be 

neath the caldera could prevent the ascent of higher-density 

primitive basalt to the surface by ponding or mixing with the 

more silicic magma. Thus ultimately more heat and raw ma 

terial are provided for still more derivative magmas to form, 

most commonly andesite and basaltic andesite. but also oc 

casionally dacite and rhyolite. More time is probably required 

to form dacite and rhyolite. and the process may be interrup 

ted by extensional episodes with consequent eruption before 

high-silica magma has been formed. 

The numerous small lava flows and their vents, the domi 

nance of mafic over silicic eruptions in both number and 

volume, and the alignments of both mafic and silicic vents 

indicating tectonic control on the system all combine to sug 

gest a system with one or perhaps more small differentiated 

magma bodies. The models of Heiken [1978] and J. R. Evans 

(written communication. 1986) of a single small silicic magma 

body may be too simplified. Figure 5 is a more complicated 

possible model showing a silicic reservoir corresponding to 

Evans' model plus several smaller bodies of varying compo 

sitions together with numerous dikes and sills mostly of basalt. 

Conclusions 

Medicine Lake volcano is fundamentally basaltic and lacks 

a large silicic magma chamber. High-alumina basalt is prob 

ably the single most abundant rock type erupted from the 

volcano and is almost certainly the most abundant intruded 

rock type. Primitive basalt is parental to the other lavas by 

fractional crystallization, contamination, and mixing. If silicic 

lavas are produced by partial melting of crustal rocks, intrud 

ed basalt provides the heat. The common occurrence of open 

ground cracks on and around the volcano, typically oriented 

NNW to NNE. attests to the E-W extension that allows large 

volumes of low-K,0, high-AI basalt to reach the surface. The 

dominant N-S fabric of vent alignments and fault orientations 

intersects the strong ENE trending lineament along which vol-

canism is focused between Medicine Lake and Mount Shasta. 

These two structural trends intersect at Medicine Lake vol 

cano. Thus the tectonic setting influences both the location 

and style of volcanism. 

The inability of geophysical techniques to identify a large 

magma body is most likely due to the absence of such a body. 

Geologic evidence exists to support this idea. Located in an 

extensional environment behind the Cascade volcanic arc. 

Medicine Lake volcano experiences episodes of extension at 

frequent intervals and lavas erupt to the surface along tcc-

tonically controlled alignments. As a consequence, large 

magma bodies are unlikely to form. In this tectonic environ 

ment, the most likely magma system is one of numerous dikes, 

sills, and small bodies of magma. 
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Medicine Lake Volcano, Northern California: Cascade or 

Basin and Range Volcano? 

J M Donncllv-Nolan (U.S. Geological Survey, 345 Middlefield Rd., 

Menlo Park CA 94025) 

Medicine Lake volcano (MLV) is a large shield volcano 55 km NE of 

Mt. Shasta. Between these two major volcanoes lies an ENE-trending 

highland of volcanic vents ranging in composition from basalt to 

rhyolite. The main axis of the Cascades lies between MLV and Shasta 
where it is defined by a NNW-trending linear array of small mafic 

shield volcanoes and cinder cones like those thai make up the bulk of 

the Cascade Range in California and Oregon. MLV is located behind 

the main arc in an extensional setting it the intersection of major 

tectonic features: 1. the highland of vents that joins it to Shasta, 2. the 

southern end of the Klamath graben, which terminates to the north at 

Crater Lake and is defined by N-S-trending normal faults with u 

much as 100 m or more of displacement, and 3. slightly older NW-

trending faulu. The N-S-trending normal faults apparently represem 

the westernmost faults generated by Basin and Range (B&R) 

extension. Other paired volcanoes across the arc arc Three Sisten-

Newberry in central Oregon, and Ml St. Helens-ML Adams in 

southern Washington. Newberry is morphologically and chemically 

similar to MLV. Some authors have argued thai Newberry and MLV 

arc not Cascade volcanoes. No such suggestion has been made for 

Adams, a stratocone. MLV and Newberry are contemporaneous with 

the Cascade stratoconcs but the two are sometimes referred to as B&R 

volcanoes. The stratocone-shield pairs may result from B&R 

influence that provides a more extensional environment for the eastern 

of the paired volcanoes, in contrast with the St. Helens-Adams 

stratocone pair that lies N of B&R influence. The shield shape of 

MLV and Newberry, which distinguishes them from the stratocones 

but allies them with the many smaller mafic shield volcanoes of the 

arc, is related to the fluidity of their numerous mafic lavas including 

primitive and possibly some primary basalts. Silicic lavas are alxo 

present, however, in significant volume-probably 15% of the 

approximate total volume of 750 km3 at MLV. MLV lavas plot within 
or substantially overlap the array of major and trace elemeni data of the 

Cascade stratovolcanoes. If MLV and Newberry are B&R volcanoes, 

more such volcanoes should-but do not-lie to the east in undisputed 
B&R terrane. I conclude that MLV is a Cascade volcano generated by 

the same subduction system that created the stratoconei. 

EOS, Transactions, American Geophysical Union, vol. 71, no. 43, 1990 
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Post-11,000-Year Volcanism at Medicine Lake Volcano, 

Cascade Range, Northern California 

Julie M. Donnelly-Nolan.1 Duane E. Champion,1 C. Dan Miller,2 

Timothy L. Grove,' and Deborah A. Trimble1 

Eruptive activity during the past 11.000 years at Medicine Lake volcano has been episodic. Eight 

■eruptions produced about 5.3 km3 of basaltic lava duringan interval of a few hundred years about 10.500 
years B.P. After a hiatus of about 6000 years, eruptive activity resumed with a small andesite eruption at 

about 4300 years B.P. Approximately 2.5 kmJ of lava with compositions ranging from basalt to rhyolite 
vented in nine eruptions during an interval of about 3400 years in late Holocene time. The most recent 

eruption occurred about 900 years B.P. A compositional gap in SiO> values of erupted lavas occurs 

between 58 and 63%. The gap is spanned by chilled magmatic inclusions in late Holocene silicic lavas. Late 

Holocene andesitic to rhyolitic lavas were probably derived by fractionation, assimilation, and mixing 

from high-alumina basalt parental magma, possibly from basalt intruded into the volcano during the early 

mafic episode. Many basaltic to andesitic lavas contain iron-rich crystals and have high FeO'/MgO 

(characteristics caused by mixing of high-alumina basalt with ferrobasalt liquid produced by fractionation 

of parental high-alumina basalt). When ferrobasalt and high-alumina basalt are contaminated with a 

granitic crustal component, a calc-alkaline trend is produced. Some eruptions have produced both 

tholeiitic and calc-alkaline compositions. The eruptive activity is probably driven by intrusions of basalt 

that occur during east-west stretching of the crust in an extensional tectonic environment. Venls are 

typically aligned parallel or subparallel to major structural features, most commonly within 30° of north. 

Intruded magma should provide adequate heat for commercial geothermal development if sufficient fluids 

can be found. The nature and timing of future volcanic activity cannot be predicted from the observed 

pattern, but eruptions high on the edifice could produce high-silica products that might be accompanied by 

explosive activity, whereas eruptions lower on the flanks are likely to vent more fluid mafic lavas. 

Introduction 

Medicine Lake volcano is a large Pleistocene and Ho 

locene shield volcano located in the Cascade Range east of 

the main volcanic axis in northern California. Most products 

of the volcano have normal magnetic polarity, suggesting 

that the eruptions occurred mainly during Brunhes time. 

Their maximum age is probably about 1 Ma, although the 

older limit is not well defined by K-Ar dating [Mertzman, 

1982, 1983; J. M. Donnelly-Nolan and L. B. G. Pickthorn, 

unpublished K-Ar data, 1980-1988]. Composition ranges 

from basalt through rhyolite; dacite is underrepresented. 

Mafic lavas have dominated in both volume and number of 

events. Post-11,000-year volcanism includes a wide range of 

chemical compositions distributed over a large area of the 

volcano. Eruptive activity began with an episode dominated 

by basalt. Six thousand years later, late Holocene volcanism 

was dominated by silicic eruptions, and only a small amount 

of basalt reached the surface. 

Mafic magma is also represented by quenched inclusions 

in more than half of the Holocene lava flows. The inclusions 

display chilled crenulate margins, vesicular interiors, and 

crystal morphologies that indicate rapid growth. Large gas 

cavities typically occur at the ends of oblong inclusions. 

These features indicate that the inclusions were injected as 

liquids and were chilled upon incorporation into their host 

magma. Most of the inclusions are fine grained, but some are 

'U.S. Geological Survey, Menlo Park, California. 
2U.S. Geological Survey Cascades Volcano Observatory. Van 

couver, Washington. 

'Department of Earth. Atmospheric, and Planetary Sciences. 
Massachusetts Institute of Technology, Cambridge. 
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coarse and display cumulate textures. The host lava is 

always higher in SiO2 and presumably was cooler than its 

magmatic inclusions. 

Crustal inclusions are also present in nearly half of the 

Holocene lavas. All contain > 70 wt % SiO2. and most are 

granitic in mineralogy and texture. All are partially melted, 

but a few are sufficiently melted to obscure the original 

mineralogy and texture; some of these could be rhyolitic. 

Host lava compositions range from 52.5 to 74.1 wt % SiO2. 

The source of these lithic inclusions is unknown, but likely 

possibilities include granite from slowly cooled subjacent 

magmas of Medicine Lake volcano, older granites of a 

presumed underlying Sierra Nevada-type arc terrane [Fuis 

et a/., 1987], and older rhyolites of the volcano. 

Figure I shows the distribution of the early mafic and late 

Holocene lavas; vent locations are shown on Figure 2. In 

this environment of east-west extension, tectonic control of 

vent alignments is pronounced. Vents are typically aligned 

parallel or subparallel to major regional structural features, 

such as the major normal faults that occur both north and 

south of the volcano and that trend within 30° of north. Some 

of the vents located on the southwestern side of the volcano 

are aligned N45° to 55°E, a much more eastward direction, 

which may be controlled by the linear highland of vents that 

projects east-northeast from Mount Shasta to the Medicine 

Lake caldera. 

The good age control and the excellent exposures of 

Medicine Lake lavas less than 11,000 years old provide us 

with a far better understanding of this period than any 

previous period in the volcano's history. 

Previous Work 

Previous geologic work includes the early study of Medi 

cine Lake volcano by Powers [1932] followed by the classic 
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Fig. I. Map of Medicine Lake volcano showing distribution of 

post-11,000-year lavas. Units are numbered 1-17 (Table 2) from 

oldest to youngest. Units 1-8 belong to the early mafic episode; units 

9-17 are late Holocene. The basalt of Giant Crater extends more 

than 25 km south of the southern border of the figure (modified from 

Donnelly-Nolan [1988]). Topographic contours are in feet (I foot =» 

0.3 m). 

work of Anderson [1941]; the latter contains a very useful 

geologic map. Glass Mountain eruptive products were de 

scribed by Anderson [1933]. Subsequently, Condie and 

Hayslip [1975], Mertzman [1977a, b), and Mertzman and 

Williams [1981] focused mainly on petrologic aspects of the 

volcano. More recent papers include detailed petrologic 

work by Grove and his coworkers [Grove et al., 1982, 1988; 

Gerlach and Grove, 1982; Grove and Baker, 1984; Grove and 

Donnelly-Nolan, 1986] and a summary of the geology by 

Donnelly-Nolan [1988]. 

Description and Dating of 

Post-1 1,000-Year Lavas 

The lavas described here are all unglaciated and very 

young in appearance. The radiocarbon ages reported in 

Fig. 2. Map showing vent locations of units younger than 11,000 

years. Topographic contours are in feet (I foot » 0.3 m). 

Table 1 indicate that some of the lavas erupted in the few 

hundred years just prior to 10,000 years B.P. and are thus 

pre-Holocene in age. The 17 eruptive units included in the 

post-11,000-year time period are shown in Figure 1. All 

erupted from multiple vents. Most of the mafic lavas erupted 

from alignments of spatter cones, from pit craters, from 

cinder cones, or from a combination of vent types. The 

silicic lavas erupted from alignments of vents that produced 

flows and domes, some of which coalesced. 

Table 2 lists the 17 units and their range of silica content, 

trend of vents, estimated area covered, and estimated vol 

ume. Figure 3 displays some of this information in graphic 

form, showing that the distribution of the events in time has 

been episodic. Each of the units is described below, begin 

ning with the products of the early mafic episode and 

followed by the late Holocene units. 

We use paleomagnetism, together with radiocarbon ages 

and stratigraphy, to constrain the lava chronology. Paleo-

magnetic directions for early mafic and late Holocene lavas 

are shown in Figures Aa and 4b, respectively. The direction 

of the Earth's magnetic field at a given location changes with 

time, a change described as secular variation. Lava flows 

record the direction of the magnetic field at the time when 

the lava cools through its Curie temperature and becomes 

magnetized. Each unit described below has been sampled at 

one or more sites to determine its paleomagnetic direction. 

Sites were carefully selected to avoid areas of postmagneti-

zation rotation or deformation of the flows. Twelve cores 

were collected by drilling at each site, oriented by using a 

sun compass, and then measured in the laboratory. 

Ages can be estimated for the sampled flows by compar-
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TABLE I. Age Data 

Radiocarbon ages are reported ± 1 analytical standard deviation. All data are in years before present. Unit numbers comespond to Figures 

1 and 2. to the text, and to Table 2. 

"The correct radiocarbon age relative to which paleomagnetic ages were estimated was chosen arbitrarily to be 10,600 years B.P. 

*Donnelly-Nolan and Champion (1987). 
rW-5947 was analyzed by M. Rubin in Reston, Virginia. 

ison with samples from areas that are both dated by radio 

carbon and analyzed by paleomagnetism [Champion, 1980; 

Slernberg, 1982, 1989; Kuniz et al., 1986]. For example, 

archaeological artifacts at sites of human habitation in the 

southwestern United States have been studied by a combi 

nation of paleomagnetic sampling and tree ring and radiocar 

bon dating [Sternberg, 1982, 1989]. Data points plotted on 

equal-area projections such as those of Figure 4 define 

curves showing the variation of magnetic direction through 

time. Records established in this way can be used as tools for 

dating paleomagnetically sampled materials. Undated mate 

rial known to be of the same approximate age as an age 

defined by the established secular variation curve can have 

its direction of magnetization compared to the established 

curve. The shapes of such curves of secular variation change 

somewhat over distances of 1000 km, but the orientation and 

number of loops do not change significantly. Thus a secular 

variation curve determined elsewhere can be used to help 

connect directions of magnetization that are dated or strati-

graphically constrained at a new locality into a continuous 

curve. This new curve can then be used as an age reference 

for undated but paleomagnetically sampled units of similar 

stratigraphic position at the new locality. 

Time spans of a stratigraphic group of volcanic units of 

similar age can also be estimated by comparing their direc 

tions of magnetization and can thus provide constraints on 

the length of a volcanic episode. Radiocarbon data taken 

alone provide absolute age determinations, but, without 

numerous replications, they often lack the resolution re 

quired to constrain the span of time of several possibly 

related volcanic units. For example, a stratigraphic sequence 

of lava flows may have radiocarbon ages of 3000 ± 200 years 

B.P. for the uppermost flow and 3500 ± 200 years B.P. for 

the lowermost flow. Paleomagnetic sampling of this se 

quence may yield directions of magnetization that form a 

well-defined curve on an equal-area projection such as that 

of Figure 4. The duration of time indicated by the newly 

determined curve may thus be constrained by comparison 

with a well-dated archaeomagnetic record or an estimate of 

the angular rate of secular variation. The indicated time span 

may be 100 years, rather than the 500 years suggested by the 

radiocarbon ages. The approximate age indicated by com 

parison might be 3200 years for the upper flow and 3300 

years for the lower flow, within the error limits of the 

radiocarbon dates. The figures indicate a possibly brief 

episode of volcanism, rather than the longer duration sug 

gested by the radiocarbon ages. 

Sixteen new radiocarbon ages are presented here. Radio 

carbon samples were collected from three environments: (1) 

at the base of large tree molds, (2) under tephra layers, and 

(3) from tree remnants in the edges of flows. Most of the ages 

reported here were determined on samples of charcoal or 

wood collected from tree molds left behind when the lava 

flows engulfed trees that subsequently burned. Large trees 

(approximately 1 m in diameter) at Medicine Lake volcano 

typically have 400 or more growth rings. Large tree molds 

commonly yield fragments of charcoal that cannot be as 

signed to a particular part of the tree, and thus radiocarbon 

ages may be too old by hundreds of years. Charcoal from 

small tree molds would yield more accurate results, but 

small molds are difficult to sample, because they are too 

small to climb into. Radiocarbon ages may be too young if 
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TABLE 2. Post-11,000-Year Units: Area and Volume Estimates, Vent Trends, and Range of SiO2 Content 

"SiO: contents were calculated by normalizing analyses to 100%. volatile-free, all iron as FeO. Major element analyses were performed 

in USGS laboratories in Lakewood, Colorado, and Menlo Park, California. The number of analyses performed is given in parentheses for 
each unit. 

*Flow, if present, is buried by lava from the Double Hole Crater vent of the Giant Crater lava field. 
f Much of flow is buried under Burnt Lava flow. 

the samples are contaminated by younger charcoal or or 

ganic material, for example, by the addition of charcoal from 

later forest fires. 

Three new ages reported here, and one previously pub 

lished date, are from charcoal samples collected under 

tephra layers that have been correlated stratigraphically with 

the dated lava flows. Such charcoal may be too old, perhaps 

by as much as 1000 years, if it is from the inner part of large 

burned trees, if it is from trees already dead and then burned 

by the eruptive event, or if the charcoal is from trees 

previously burned. Two new ages, and one previously 

published, have been determined on wood samples taken 

from the edges of tree remnants found in the margins of the 

Glass Mountain and Callahan flows. In the former case the 

tree is still standing, and only a small amount of the outer 

part is missing. The tree remnants collected at the Callahan 

flow are no longer standing; they are much smaller than the 

Glass Mountain tree. 

Stratigraphic superposition of lava flows is foiind in only a 

few cases, but tephrostratigraphy has been useful in deter 

mining age relations among late Holocene units. Air fall 

tephra deposits formed during several of the late Holocene 

mafic and silicic eruptions. Tephra sequences were identified 

and measured in road cuts, quarries, and numerous hand-

dug holes around the volcano. Individual tephra layers were 

traced to their sources and correlated with specific flows and 

domes, thereby providing age constraints on interbedded 

flows. 

Early Mafic Episode 

The early mafic episode includes eight units; all of them 

erupted on the flanks of the volcano. Paleomagnetic and 

radiocarbon data suggest that this eruptive episode lasted 

about 400 years. The radiocarbon ages alone suggest a longer 

time span, but all of the dates were obtained from material 

collected in large tree molds. 

A small basalt flow just south of the Paint Pot Crater flow 

is morphologically similar to the units of the early mafic 

episode. No material for radiocarbon dating has been found 

under this flow, and paleomagnetic data are neither precise 

nor apparently similar to the directions of the early mafic 

event. One possible correlation is with units of somewhat 

similar paleomagnetic direction at Mount Shasta, dated at 

about 9500 years B.P. (C. D. Miller et al., unpublished data. 

1990). This unit is probably somewhat older, postglacial but 

pre-11,000 years. We base this conclusion on the degree of 

mantling and soil development and the morphologic degra 

dation of the spatter vents. 

Pre-Ciant Crater basalts. Three units erupted immedi 

ately prior to the Giant Crater eruption. 

Spatter vents surrounded by Double Hole flow (Table 2, 

unit 1): Small spatter vents are completely surrounded by 

younger lava from the Double Hole Crater vent of the Giant 

Crater lava field. It is not known whether a lava flow is 

associated with them. They have not been dated by radio 

carbon, but paleomagnetic data (Figure 4a) suggest that they 
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Fig. 3. Volume, time, and SiO2 content of post-11,000-year 

lavas (Medicine dacite flow plotted at 2000 years): (a) SiO2 content 

versus time, where each symbol represents one chemical analysis 

(note the increase in maximum silica content with time); (b) volume 

versus time plot, displaying the strongly episodic nature of this 

period of volcanism, as well as the major infusion of basalt repre 

sented by the Giant Crater eruption that constitutes 94% of the 

volume of the early mafic episode; and (c) volume versus SiO2 

content, where the more silicic nature and broader range of compo 

sitions of the late Holocene episode contrast with the basaltic nature 

of the early mafic episode. The volumes of some small units have 

been exaggerated in order to show their positions. 

formed immediately before the eruption of Giant Crater 

lavas. 

Basalt of the ribbon flows (Table 2, unit 2): Basalt 

erupted from numerous spatter vents located north of the 

Burnt Lava flow. The basalt flowed down two narrow 

channels (thus "ribbon flows") that had probably been cut 

by glacial meltwater. The southernmost extent of this unit is 

exposed at the south edge of the Burnt Lava flow. Most of 

the unit is buried by Burnt Lava, making estimates of its area 

highly uncertain. Charcoal from a large tree mold in the 

eastern ribbon flow gives a radiocarbon age of 10,310 ± 60 

years B.P. (Table 1, unit 2). Paleomagnetic data indicate that 

the eruption occurred just before the Giant Crater eruption. 

Spatter east of Grasshopper Flat (Table 2, unit 3): A 

small amount of basaltic andesite was erupted from a north-

south alignment of spatter vents less than 4 km northwest of 

Giant Crater proper. Two radiocarbon ages (10,930 ± SO 

years B.P. and 10,690 ± 70 years B.P., Table 1, unit 3) on a 

Fig. 4. Equal-area plots of paleomagnetic directions projected 

on lower hemisphere for (a) the early mafic episode (D.H.C. 

represents the Double Hole Crater) and (b) the late Holocene 

episode. Circles represent 95% confidence limits of the mean 

directions. Paths of secular variation are drawn through time with 

the heavy arrow. The patterned area in Figure 4b represents 

paleomagnetic directions from Chaos Crags, Lassen volcanic center 

(D. E. Champion and M. A. Clynne, unpublished paleomagnetic and 

radiocarbon data, 1990). 

charcoal sample collected from a large tree mold place the 

unit in this time frame. Paleomagnetic data (Figure 4a) 

indicate that this lava erupted just before the Giant Crater 

eruption. The radiocarbon ages, which suggest that this unit 

is older than the Giant Crater lava field, may be too old for 

reasons discussed above. 

Giant Crater lava field (Table 2, unit 4). A 45-km-long 

basaltic unit covers nearly 10% of the area overlain by 

Medicine Lake lavas. It is the largest known single eruptive 

event at the volcano. Its estimated 4.35 km3 of lava repre 
sents nearly two thirds of the total estimated volume of lavas 

erupted during the past 11,000 years. The lavas erupted from 

a complex of vents located on the south flank of Medicine 

Lake volcano. The vents, including several spatter vents and 

two large pit craters, have two dominant alignments, N5°E 

and N55°E. The aa and pahoehoe flows were channeled to 

the south by the topography. Transport of much of the lava 

took place through lava tubes. Two radiocarbon ages on 

charcoal samples obtained from a single large tree mold 

average 10,600 years B.P. (Table 1, unit 4). We have 

arbitrarily chosen this age as the "real" one to which others 
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of this early mafic episode are compared (a simple numerical 

average of the eight ages for this episode gives 10,567 years 

B.P.). 

Lava erupted during the Giant Crater eruption is compo-

sitionally zoned: the earliest lava is most silicic (53.2% 

SiO2), and the latest is most mafic (47.7% SiO;). Paleomag-

netic sampling of early and late phases of the eruption 

yielded very slight differences in direction, suggesting a 

measurable but very short time duration of decades for this 

large-volume eruption. 

Probable successors to the Giant Crater lavas. Four 

additional units are thought to have erupted soon after the 

Giant Crater eruption. Three of the four are located on the 

north side of the volcano (Figure 2). 

Basalt of "vent 5" (Table 2, unit 5): Located at the 

western edge of the Giant Crater flow, a very small basalt 

flow overlies the Giant Crater lava flows. Charcoal from a 

large tree mold in the edge of one of the spatter vents yielded 

a radiocarbon age of 10,355 ± 50 years B.P. (Table I. unit 5). 

Paleomagnetic data for this event are not as well constrained 

as those previously discussed, but the average direction of 

two sites indicates that the flow just postdates the Giant 

Crater eruption, although the relative age with respect to the 

three other successor eruptions is unknown. 

Tree molds flow (Table 2, unit 6): A very small basalt 

flow erupted from several north-south trending spatter 

vents. It is located on the upper north side of the volcano and 

has a radiocarbon age of 10,200 ±110 years B.P. on charcoal 

from a large tree mold (Table 1. unit 6). Paleomagnetic data 

suggest a short time interval of perhaps 50-100 years be 

tween the Giant Crater eruption and the eruption of the tree 

molds flow. The difference in the radiocarbon ages is 400 

years, indicating that one or both of the radiocarbon ages 

may not be accurately dating the time of eruption. 

Basalt of Devils Homestead (Table 2. unit 7): An un 

dated flow on the far north side of the volcano in Lava Beds 

National Monument has a paleomagnetic direction identical 

to that of the tree molds flow. The Devils Homestead flow is 

located in a very dry area on the lower flank of the volcano. 

The several spatter vents for the flow are known as the 

Fleener Chimneys and are located on the north-south Gillem 

fault where this major normal fault has offset latest Pleis 

tocene basalt. The downstream aa portion of the flow is 

confined on the west by the Gillem fault scarp and has a very 

youthful appearance. In contrast, the near-vent pahoehoe 

lava is relatively heavily vegetated, and its edges are covered 

with sediment. Overall, the morphology of the flow is similar 

to the basaltic andesite of Valentine Cave, which is situated 

in a climatically similar area. 

Basaltic andesite of Valentine Cave (Table 2, unit 8): 

Like the basalt of Devils Homestead, the basaltic andesite 

of Valentine cave erupted from spatter vents on the north 

flank of the volcano. Near-vent lavas consist of fluid pahoe 

hoe, whereas distal lavas to the northeast and east form a 

rugged aa lava field. In contrast with the Devils Homestead 

lava the basaltic andesite of Valentine Cave [Donnelly-

Nolan and Champion, 1987] traveled away from its vents by 

lava tube. It has a radiocarbon age of 10,850 ± 60 years B.P. 

(Table I, unit 8) obtained on charcoal collected from a large 

tree mold adjacent to one of the spatter vents. Paleomagnetic 

data suggest that this basalt may have erupted about 100 

years after the tree molds flow and the basalt of Devils 

Homestead. If the Giant Crater date of 10,600 years B.P. is 

correct, then the Valentine Cave flow radiocarbon date is 

about 400 years too old, which is easily possible if the 

charcoal represents wood from the center of the tree. 

Late Hohcene Eruptions 

After a hiatus of about 6000 years, nine late Holocene 

units were emplaced. Six of these erupted between about 

1250 and 850 years B.P. Both mafic and silicic eruptions 

occurred. Four silicic eruptions produced 1.6 km3 of rhyolite 
and dacite, representing 60% of the volume of the late 

Holocene lavas. The many vents for late Holocene lavas are 

scattered over much of the volcano, including the caldera. 

Andesite of the pit craters (Table 2. unit 9). A unit of 

silicic andesite erupted explosively as air fall tephra and 

spatter from a northeast trending line of pit craters on the 

poorly defined southeast rim of the caldera. At the vents the 

hot andesitic spatter agglutinated to form thin small lava 

flows. Charcoal was collected from under the tephra deposit 

at two sites not far from one of the larger pit craters. The 

radiocarbon samples yielded ages of 4430 ± 70 years B.P. 

and 4280 ± 40 years B.P. (Table I. unit 9). The charcoal is 

thought to have been formed when coarse hot blocks of air 

fall scoria scorched forest duff and debris, thus closely 

dating the actual time of eruption. 

Basalt of Black Crater and Ross chimneys (Table 2, unit 

10). A small amount of fluid and relatively primitive basalt 

erupted from en-echelon alignments of spatter cones to form 

small overlapping pahoehoe flows on the far north side of the 

volcano in Lava Beds National Monument [Donnelly-Nolan 

and Champion, 1987]. Small pockets of white air fall pumice 

from either the Glass Mountain or the Little Glass Mountain 

eruption can be found on the flow, which has a radiocarbon 

age of 3025 ± 45 years B.P. (Table 1, unit 10) obtained on a 

sample of charcoal from a tree mold. 

Burnt Lava flow (Table 2, unit II). A large andesitic lava 

flow, known as Burnt Lava flow, covers about 37 km2 on the 
south flank of Medicine Lake volcano. It is a rugged aa and 

block lava flow with little tree cover and was considered by 

Finch [1933] to be as young as 300 years old, on the basis of 

its appearance. Anderson [1941] estimated it to be older, 

perhaps 500-1000 years. Published radiocarbon ages on 

charcoal from trees at the edge of the flow range from 200 ± 

200 to 320 ± 200 years B.P. [Ives et al., 1964]. The flow 

vented from a large cinder cone (High Hole Crater) and a 

north-south trending spatter rampart at the north edge of the 

flow. Rare smooth surfaces on the upper parts of Burnt Lava 

flow display a thin covering of white pumice (> 900 years 

old) from Little Glass Mountain, indicating that the young 

radiocarbon ages were obtained from material burned by 

later forest fires. Two samples of charcoal collected from a 

large tree mold yielded ages of 2660 ± 60 and 2800 ± 60 

years B.P. (Table 1, unit II). The discrepancy between the 

early estimates of the age of the flow and the > 2600-year 

ages published here can be explained by a combination of the 

scarcity of tephra and aeolian deposits on the flow and by its 

rugged blocky surface, both of which have inhibited the 

growth of vegetation. The flow is surrounded by a thick 

evergreen forest that has apparently limited the aeolian 

transport of fine-grained sediment. Burnt Lava lies at the 

southern edge of the tephra deposits from both Glass Moun 

tain and Little Glass Mountain. 

Medicine dacite flow (Table 2, unit 12). This viscous 
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pancakelike flow, located just north of Medicine Lake on the 

caldera floor, is undated but is morphologically very young. 

Its edges are 30- to 40-m-high cliffs and talus slopes at the 

angle of repose. Unlike the other Holocene silicic units, it 

apparently lacked a preceding air fall tephra deposit and so 

presents little opportunity for collecting radiocarbon sam 

ples. It is overlain by air fall tephra from the Callahan, Paint 

Pot, Little Glass Mountain, and Glass Mountain eruptions 

and thus is older than about 1150 years B.P. Paleomagnetic 

data indicate possible ages at about 2000, 3300, and 4200 

years B.P. These figures are based on a comparison with 

directions of magnetization from radiocarbon-dated basalt 

flows in the Cascade Range at Mount St. Helens, Washing 

ton, central Oregon, and Medicine Lake volcano and at the 

Craters of the Moon. Idaho, the Jordan Crater lava field, 

Oregon, and Dotsero Crater. Colorado [Champion, 1980, 

also unpublished data. 1990). 

Hoffman flows (Table 2, unit 13). We include in one unit 

the Hoffman flow proper as recognized by Powers [1932] as 

well as a rhyolite flow on the northeast shoulder of Mount 

Hoffman described by Anderson [1941]. These two flows are 

steep-sided viscous lavas that are identical in appearance 

and chemical composition. Their vents define a N25°W 

trend, and we think they represent a single eruptive event 

from the same magma reservoir. The larger of the two flows 

erupted at, or just within, the caldera rim and flowed both 

west into the caldera and east where it is overlain by the 

rhyolite of Glass Mountain. A tephra deposit that precedes 

the Hoffman flows has been recognized, but no material that 

dates this event has been found. The flows are overlain by air 

fall tephra from the Callahan, Little Glass Mountain, and 

Glass Mountain eruptions. The Glass Mountain tephra thins 

rapidly to the west, so that the western end of the larger 

Hoffman flow looks very youthful. Closer to the Glass 

Mountain vents a thick tree cover has grown in the younger 

pumice, obscuring the rugged topography of the flow. Com 

parison of the archaeomagnetic record from the American 

southwest [Sternberg, 1982] with our paleomagnetic data 

indicates that this unit is older than 1200 years B.P., perhaps 

about 1230 years B.P.. 

Callahan flow (Table 2, unit 14). The Callahan flow is on 

the north flank of the volcano. It vented from a large cinder 

cone (Cinder Butte) and adjacent spatter vents and consists 

mostly of aa lava. The Callahan flow has some similarities to 

the Burnt Lava flow, but it has much more compositional 

variability. It initially erupted andesite with 58.0 wt % SiO2. 

followed by lava with a decreasing silica content. The last 

erupted lava contains 51.8% SiO2. Radiocarbon ages of 1110 

± 60 years B.P. (Table 1, unit 14 [Donnelly-Nolan and 

Champion, 1987]) and 1040 ± 100 years B.P. were both 

obtained from wood of tree remnants. The trees were 

overrun by the lava at two different sites at the eastern edge 

of the flow. A third date of 1180 ± 35 years B.P. was 

determined from charcoal found immediately underneath the 

air fall tephra that was produced by the initial explosive part 

of the eruption. A weighted average of these three ages 

yields a date of 1130 ± 26 years B.P. for this event. 

Paleomagnetic data suggest an age of about 1150 years B.P., 

on the basis of a comparison with paleomagnetic directions 

of well-dated units at Lassen volcanic center (D. E. Cham 

pion and M. A. Clynne, written communication, 1989). 

Basalt of Paint Pot Crater (Table 2, unit 15). A relatively 

small, extremely rough surfaced basalt flow erupted from the 

large Paint Pot Crater cinder cone and adjacent northeast 

trending spatter vents on the southwest flank of the volcano. 

Paleomagnetic data indicate that the Paint Pol Crater flow is 

virtually identical in age to the Callahan flow. Paint Pot air 

fall tephra, which preceded the flow, immediately overlies 

uneroded Callahan tephra and thus is younger than about 

1150 years B.P. Paint Pot Crater and its flow are overlain by 

air fall tephra (radiocarbon dated al 1065 ± 90 years B.P.). 

erupted from nearby Little Glass Mountain. This white 

tephra blankets the red and black cone and is the reason for 

its name. The vent area and the upper part of the flow are 

thickly mantled by white pumice, obscuring the ruggedness 

of the flow surface. The age of the flow, based on a 

comparison with the Lassen paleomagnetic records as well 

as the radiocarbon records (D. E. Champion and M. A. 

Clynne. written communication. 1989). is just slightly 

younger than the Callahan flow, but more than 1100 years 

B.P. 

Little Glass Mountain (Table 2. unit 16). Little Glass 

Mountain is a very young steep-sided obsidian flow located 

west of Medicine Lake caldera. A radiocarbon age of 1065 ± 

90 years B.P. (Table 1. unit 16 [Heiken, 1978]) was obtained 

on a sample collected by one of us (C.D.M.) and dated at a 

commercial laboratory. Tephra from the Little Glass Moun 

tain vent overlies every unit within its areal extent except the 

tephra from Glass Mountain and its domes. With Little Glass 

Mountain we include the chemically and petrographically 

identical, but much smaller, domes to the northeast on an 

approximate N30°E trend, some of which are known as the 

Crater Glass flows. Local tephra deposits are associated 

with these domes; the deposits underlie the tephra of Glass 

Mountain. Because paleomagnetic data are less precise on 

Little Glass Mountain and Glass Mountain lavas than on the 

more easily sampled mafic flows, the age difference between 

these two silicic units could be as large as the nearly 200 

years suggested by the radiocarbon ages in Table 1; or 

alternatively, the Little Glass Mountain eruption could have 

immediately preceded Glass Mountain. Comparison of Med 

icine Lake paleomagnetic data with those on flows with 

multiple radiocarbon ages at the Lassen volcanic center (D. 

E. Champion and M. A. Clynne, written communication, 

1989) suggests that the Little Glass Mountain event is 

probably no older than 1050 years B.P. 

Glass Mountain (Table 2. unit 17). Glass Mountain con 

sists of a spectacular, nearly treeless, steep-sided rhyolite 

and dacite obsidian flow that erupted just outside the eastern 

caldera rim and flowed down the steep eastern flank of 

Medicine Lake volcano. Ten additional small domes of Glass 

Mountain rhyolite and rhyodacite lava lie on a N25°W trend 

to the north and one to the south. The age of Glass Mountain 

and its preceding pumice deposits has been a matter of 

discussion for some time [Chesterman, 1955; Ives et al., 

1967; Sullivan et al., 1970; Heiken, 1978]. A radiocarbon age 

of 885 ± 40 years B.P. was obtained on a dead cedar tree 

without limbs or bark that is preserved in the edge of one of 

the distal tongues of the flow. The dated material consisted 

of a piece of exterior wood containing about 30 annual 

growth rings. This age may be too old, because some of the 

outside of the tree is missing. The tephra deposits that 

precede the flow and domes may be somewhat older but are 

constrained to be less than about 1050 years B.P. by the 

Little Glass Mountain and Lassen data. 
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Fig. S. MgO variation diagrams of major elements in post-11,000-year Medicine Lake lavas. Pre- 11,000-year 

Medicine Lake lavas (n = 275) are shown with smaller symbols. 

The "1910 Event" 

Finch [1928] cited a report by a local rancher of earth 

quakes in 1910 accompanied by flames over Glass Mountain, 

ground breakage to the north, and "blue mud" on vegeta 

tion. No evidence of any such recent deposit nor any likely 

vent for an eruption has been found by the authors; accord 

ingly, this purported eruptive event is disregarded here. 

Chemical Composition of Post-11,000-Year Units 

Variation diagrams of major element analyses of Medicine 

Lake lavas are plotted versus MgO in Figure 5. The post-

11,000-year units are plotted as symbols, and the composi 

tional variability of older Medicine Lake lavas is shown for 

comparison as outlined fields on each diagram. In most 

variation diagrams the post-11.000-year lavas show smooth 

coherent trends. Early mafic lavas and late Holocene lavas 

define a trend that is continuous over the range of 11-5 wt % 

MgO. A break, occupied by a few lavas, occurs in the range 

of 5-2 wt % MgO; the trend then continues over the range of 

2-0.3 wt % MgO. All but one of the post-11,000-year lavas 

contain <4 vol % phenocrysts; thus the trends are defined by 

liquids. Magmatic inclusions show more scatter than erupted 

lavas in the variation diagrams (Figure 6). Some of this 

scatter is the result of the accumulation of crystals. Inclu 

sions with lower FeO*. CaO, and TiO2, higher K2O and 

SiO2, and variable A12O3 at 8-12 wt % MgO contain olivine, 

plagioclase, and augite and have cumulate textures and 

interstitial silicic glass. Some inclusions and several lavas in 

the range of 7-2 wt % MgO also depart from the main trend 

defined by the post-11,000-year lavas. These inclusions and 

lavas show higher FeO*. TiO2, and P2O5 and lower SiO2 

and K2O as compared to the main lava trend at equal MgO 

values. Grove and Donnelly-Nolan [1986] identify these 

inclusions as quenched magmatic liquids. 

In general, the older Medicine Lake lavas show a much 

broader range of composition at a given MgO value. This 

spread is particularly evident in the range of 6-1 wt % MgO. 

It is caused, in part, by the larger proportion of plagioclase 

phenocrysts present in some of the older lavas. The higher 

A12O3 values are measured in lavas in which plagioclase 

accumulation has occurred. One of the post-11,000-year 
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years does not exist in the suite of inclusions found in them. 

lavas (the basalt of Black Crater and Ross chimneys) con 

tains abundant plagioclase and exhibits a high Al2Oj content 

for its weight percent MgO. indicating plagioclase accumu 

lation. Aphyric lavas containing higher A12O3, FeO*. Na2O, 

TiO2, and P2Oj and lower SiO2, CaO, and K2O are repre 

sented in the older eruptive products, along with lavas 

whose characteristics are similar to those erupted during the 

last 11,000 years. 

Grove and Donnelly-Nolan [1986] and Grove et al. [1988] 

modeled the petrogenetic processes that may have generated 

the Little Glass Mountain rhyolite and the Burnt Lava flow, 

both of which were erupted during late Holocene time. 

Earlier work by Grove et al. [1982] and Gerlach and Grove 

[1982] emphasized the role of combined fractionation, assim 

ilation, and mixing at Medicine Lake volcano. In the case of 

Little Glass Mountain, mineralogical and geochemical evi 

dence indicates that fractionation of an andesitic parent, 

together with assimilation, produced rhyolite. Petrologic 

modeling of the andesite of Burnt Lava indicates that the 

fractionation of basalt and the assimilation of crustal mate 

rial occurred together with the mixing of magmas. The 

inferred parental magma at Medicine Lake volcano is high-

alumina basalt [Grove et al., 1982; Grove and Baker, 1984; 

Donnelly-Nolan, 1988], also called high-alumina olivine 

tholeiite (HAOT) by Hart et al. [1984]. Fractionation of this 

basalt at shallow crustal levels would produce residual 

liquids higher in FeO*, TiO2, and Na2O and lower in SiO2 

and K2O content than the Holocene lavas at similar MgO 

content. Grove et al. [1988] recognized mineralogical evi 

dence for such an iron-enriched magma preserved in Burnt 

Lava. Glomerocrysts of Fe-rich olivine, augite, and labra-

dorite observed in the Burnt Lava flow indicate the existence 

of a ferrobasaltic liquid produced by a large amount of 

fractionation of a high-alumina basalt magma. 

The same fractionation process that yielded the iron-

enriched magma and the Fe-rich olivine, augite, and labra-

dorite provided the heat to melt granitic crust at shallow 

crustal levels. Burnt Lava flow contains melted granitic 

inclusions as well as primitive high-alumina basalt inclusions 

similar to the basalt erupted at Giant Crater. Burnt Lava 
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Fig. 7. FeO'/MgO versus SiO2: (a) post-11,000-year lavas as 

larger symbols; pre-II,000-year Medicine Lake lavas (/t = 275) 

shown with smaller symbols. The heavy curves are fractional 

crystallization models from Grove et al. [1988, Table 7, model 1] and 

Grove and Donnelly-Nolan [1986, Table 4]. (b) Inclusions in post-

11,000-year lavas, with lavas younger than 11,000 years shown as 

fields. Two partially melted inclusions with FeO'/MgO values of 

10.6 and 9.4 and identical SiO2 values of 73.8 wt % are not shown so 

that Figures la and 1b may be compared directly; these two 

inclusions were found in the Callahan flow and match the composi 

tion of an older rhyolite of Medicine Lake volcano. The field of lavas 

older than 11,000 years is much broader and shows more iron 

enrichment than younger lavas, although the most mafic Giant 

Crater lavas and the Glass Mountain and Little Glass Mountain 

silicic lavas display iron enrichment. The line separating tholeiitic 

(TH) from calc-alkaline (CA) fields is from Miyashiro [1974]. 

andesite is modeled as a mixture of high-alumina basalt, 

18-26% fractionated Fe-rich basalt, and 27-33% melted 

granitic crust [Grove et al., 1988]. Mixing is thought to have 

been accomplished by replenishment by high-alumina basalt 

of a magma reservoir containing ferrobasalt and melted 

granitic crust. A similar process may have produced the 

dominant compositional trend, followed by the lavas of the 

early mafic episode, about 10,500 years ago. The composi-

tionally zoned Giant Crater (47.7-53.2 wt % SiO2) and 

Callahan (51.8-58.0 wt % SiO2) flows contain partly melted 

granitic inclusions and ferrogabbro cumulates, indicating the 

incorporation of melted crust and iron-enriched magma into 

high-alumina basalts. The early lavas of Giant Crater are 

enriched in silica and have a calc-alkaline signature, which 

reflects the incorporation of a large component of melted 

crust in addition to iron-enriched magma. As the eruption 

progressed, the later lavas show an iron enrichment trend, 

caused by the mixing in of a larger proportion of the 

iron-enriched magma. A few post-11,000-year lavas (basalt 

of the ribbon flows and basaltic andesite of Valentine Cave) 

contain a large component of the iron-enriched liquid. 

Figure 7 shows that the post-11,000-year lava trend 

crosses the tholeiitic-calc-alkaline dividing line twice on an 

FeO*/MgO versus SiO2 diagram, once in the mafic compo 

sitional range and once at the silicic end. The mafic Giant 

Crater lavas show a tholeiitic trend of iron enrichment, and 

the basaltic lavas of Valentine Cave and the ribbon flows lie 

in the tholeiitic field. The most silicic lavas of Glass Moun 

tain, Little Glass Mountain, and the Hoffman flows also 

follow an Fe enrichment trend. The high-SiO2 Giant Crater 

lavas. Burnt Lava flow, and the Callahan flow follow calc-

alkaline trends. The dacitic part of the Glass Mountain 

-eruption, which shows clear evidence of mixing of andesite 

and rhyolite [Eichelberger, 1975, 1981], also follows a calc-

alkaline trend. The fractional crystallization path of iron 

enrichment inferred by Grove el al. [1988] from Burnt Lava 

and the fractionation path calculated for Little Glass Moun 

tain by Grove and Donnelly-Nolan [1986] are shown as solid 

curves in Figure la. The iron enrichment fractionation path 

inferred from the Burnt Lava flow passes through the 

iron-enriched basaltic lavas of Valentine Cave and the 

ribbon flows. Iron-rich lavas were more common during the 

pre-11,000-year eruptive history of Medicine Lake volcano 

(Figure la), indicating a more dominant role for fractionation 

in the evolution of the pre-11,000-year magmas. The calc-

alkaline trend defined by the high-SiO2 Giant Crater lavas, 

the Burnt Lava andesite, and the Callahan lavas in the range 

of 50-58 wt % SiO2 is caused by contamination of fraction 

ated Fe-rich basalt and parental high-alumina basalt by large 

amounts of melted granite. 

In the case of the silicic magmas, fractionation is the 

dominant process that produces rhyolite from andesite. The 

rhyolitic lavas of Glass Mountain, Little Glass Mountain, 

and the Hoffman flows form a coherent trend that resembles 

the calculated fractional crystallization trend of Grove and 

Donnelly-Nolan [1986] shown in Figure la. The model also 

shows a trend of iron enrichment. Magmatic inclusions in the 

compositional range of 58.1-62.2 wt % SiO2 are typically fine 

grained and represent liquid compositions. All inclusions 

with more than 70 wt % SiO2 are partially melted crustal 

inclusions that are mostly granitic, although a few of the 

more melted ones may be rhyolitic. The granitic crustal 

inclusions show a widely ranging compositional variation in 

FeO*/MgO, different from the coherent trend that is defined 

by the rhyolite lavas. The compositional diversity in the 

crustal inclusions does not support the interpretation that 

Medicine Lake Holocene rhyolites are bulk melts of the 

underlying crust, because the majority of the granitic inclu 

sions have lower FeO*/MgO and higher SiO2 compared to 

the rhyolites. 

Fine-grained andesitic magmatic inclusions with an SiO2 

content of 58.1-62.2 wt % are present in Little Glass 

Mountain, the Medicine dacite flow, and Glass Mountain. 

These three units lie atop the volcano, just west of the 

caldera, within the caldera, and slightly to the east. Thus 

andesitic magma in this compositional range was present 

during late Holocene time but did not erupt to the surface. 

Infusions of primitive basalt occurred more than once in late 

Holocene time, beginning with the 3000-year-old basalt of 

Black Crater and Ross chimneys. Basaltic magmatic inclu 

sions are present in late Holocene lavas, notably in the Burnt 

Lava flow. Somewhat less primitive basaltic inclusions were 

erupted in the later Hoffman flows. Basaltic inclusions are 

also found in the rhyolite of Glass Mountain. 
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Discussion 

Volcanic eruptions have taken place over a broad area of 

Medicine Lake volcano (an area approximately 30 km north-

south and 15 km east-west) during the past 11,000 years. 

Each of the 17 units that erupted during this period has more 

than one vent. Vent alignments are tectonically controlled 

and are parallel or subparallel to major regional structural 

features. In contrast to the broad spatial distribution, the 

eruptive activity has not occurred on a regular basis through 

out the time period involved. Radiocarbon and palepmag-

netic time controls indicate to us that there was a long hiatus 

between a brief episode early in postglacial time and subse 

quent late Holocene eruptions. There is also a strong con 

trast in composition between the early mafic and the late 

Holocene eruptions. The early mafic episode is character 

ized entirely by basaltic lava, whereas in late Holocene time, 

rhyolite exceeds andesitic compositions in volume, and only 

a very small amount of basalt was erupted. The next older 

rhyolitic episode occurred in late Pleistocene time, perhaps 

20,000 years ago or more, when the glaciated rhyolite of 

Mount Hoffman erupted on the north rim of the caldera. The 

lack of age control and the burial by younger lavas make 

earlier volcanic episodes difficult to identify. 

Tectonic extension and volcanism appear to be linked at 

Medicine Lake volcano. Episodes of basaltic intrusion result 

from extension that allows deep-seated magmas to reach the 

surface. Local ground breakage that may or may not be 

accompanied by eruption of lava to the surface probably 

occurs as a result of regional stretching of the crust related to 

plate movements. Some Medicine Lake basalts, including 

the last erupted flows of the basalt of Giant Crater, are 

near-primary [Bartels et al., 1988] and have been compared 

with mid-ocean ridge basalts [Hart, 1971; Philpous et al., 

1971; McKee et al., 1983; Hart et al., 1984]. Some primitive 

basalt travels upward rapidly enough in this extensional 

environment to reach the surface virtually uncontaminated. 

The experiments of Bartels et al. [1988] indicate a depth of 

origin by partial melting of mantle lherzolite of about 33 km 

for the primitive basalt of Giant Crater. Somewhat less 

primitive basalts may be affected by processes of fraction-

ation, assimilation, and mixing in shallow reservoirs before 

erupting to the surface. 

The episodes of volcanism that we have identified do not 

enable us to make specific predictions as to when, where, or 

what kind of lava might erupt next at Medicine Lake 

volcano. We believe, however, that any strong seismic 

episode should be carefully monitored; ground breakage 

might be followed by the eruption of lava. The pattern of 

silicic lavas erupting high on the volcano, and of basaltic 

ones on the flanks [Donnelly-Nolan, 1988, also unpublished 

mapping, 1990], suggests that future extension and ground 

breakage high on the volcano might result in the eruption of 

silicic lava. Such an eruption could be accompanied by 

explosive activity similar to that which produced the plinian 

air fall deposits that preceded the Little Glass Mountain and 

Glass Mountain eruptions [Heiken, 1978]. 

The amount of heat available for geothermal energy is 

unknown, but it is likely to be a function of the amount of 

heat stored in cooling magma in the upper crust below the 

volcano. Drilling of geothermal exploration wells in the 

caldera is known to have yielded temperature gradients of 

88°C km"1,227°C km"1, and 548°C km"1 in three of the drill 

holes [Bureau of Land Management, 1983]. Given the pau 

city of publicly available drill hole data, continued interest 

by industry in drilling exploratory holes suggests that suffi 

cient heat may be available to provide a commercial re 

source, if an adequate fluid supply can be found. Likely 

sources of heat include a small silicic magma reservoir 

inferred from seismic tomography [Evans and Zucca, 1988] 

and basalt intruded in late Holocene time. 

Conclusions 

Good age control for the last 11,000 years at Medicine 

Lake volcano has given us an understanding of the episodic 

nature of volcanism during this period. The eruptive activity 

is probably driven by intrusions of basalt that occur as a 

result of crustal extension. The inferred presence of mafic 

dikes and small derivative magma bodies of more silicic 

compositions during postglacial time agrees with models 

proposed by Donnelly-Nolan [1988] and Evans and Zucca 

[1988], constrained in part by the geophysical studies of Finn 

and Williams [1982], Zucca et al. [1986], and Fuis et al. 

[1987]. Late Holocene lavas are derived by fractionation, 

assimilation, and mixing from high-alumina basalt parental 

magma, possibly from basalt intruded into the volcano 

during the early mafic episode when > 4 km3 of basalt of 
Giant Crater erupted. Eruption of late Holocene lavas may 

be related to several basaltic intrusive episodes. These 

episodes, plus stored heat from the early mafic episode, 

should provide adequate heat for commercial geothermal 

development if sufficient fluids can be found. The nature and 

timing of volcanic activity cannot be predicted from the 

present data, but crustal extension and seismic swarms 

should be carefully monitored because they may be followed 

by eruptive activity. 
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The pattern of historical ground deformation, seismicity, and crustal structure near Medicine Lake 

volcano illustrates a close relation between magmatism and tectonism near the margin of the Cascade 

volcanic chain and the Basin and Range tectonic province. Between leveling surveys in 1954 and 1989 

the summit of Medicine Lake volcano subsided 389 ± 43 mm with respect to a reference bench mark 

40 km to the southwest (average rate = 11.1 ± 1.2 mm/yr). A smaller survey across the summit caldera 

in 1988 suggests that the subsidence rate was 15-28 mm/yr during 1988-1989. Swarms of shallow 

earthquakes (M s 4.6) occurred in the region during August 1978, January-February 1981, and 

September 1988. Except for the 1988 swarm, which occurred beneath Medicine Lake caldera, most 

historical earthquakes were located at least 25 km from the summit. The spatial relation between 

subsidence and seismicity indicates (I) radially symmetric downwarping of the volcano's summit and 

flanks centered near the caldera and (2) downfaulting of the entire edifice along regional faults located 

25-30 km from the summit. We propose that contemporary subsidence, seismicity, and faulting are 

caused by (I) loading of the crust by more than 600 km3 of erupted products plus a large volume of 
mafic intrusives; (2) east-west extension in the western Basin and Range province; and, to a lesser 

extent, (3) crystallization or withdrawal of magma beneath the volcano. Thermal weakening of the 

subvolcanic crust by mafic intrusions facilitates subsidence and influences the distribution of 

earthquakes. Subsidence occurs mainly by aseismic creep within 25 km of the summit, where the crust 

has been heated and weakened by intrusions, and by normal faulting during episodic earthquake 

swarms in surrounding, cooler terrain. 

Introduction and Scope 

The Medicine Lake region in northeastern California, 

located near the margin of the Cascades volcanic chain and 

the Basin and Range tectonic province, provides an excel 

lent opportunity to study the relation between tectonism and 

magmatism near a convergent plate margin. The region is 

seismically active, and earthquakes have been monitored for 

several decades. Extensive leveling surveys were conducted 

throughout the region in 1954, and they can be repeated to 

determine vertical strain rates. In addition, Medicine Lake 

volcano's recent eruptive history is well known, and the 

regional crustal structure has been studied using various 

geophysical techniques. Our study combines results from 

repeat leveling surveys, earthquake monitoring, and mea 

surements of crustal structure to develop a model that 

explains most aspects of contemporary ground deformation 

and seismicity. 

Geologic Setting and Eruptive History 

Medicine Lake volcano is a Pleistocene-Holocene shield 

volcano located about 50 km east-northeast of Mount 

Shasta, between the crest of the Cascade Range to the west 

and the Basin and Range tectonic province to the east 

(Figure 1). The Medicine Lake shield rises about 1200 m 

above the Modoc Plateau to an elevation of 2376 m. Lavas 

from Medicine Lake volcano cover nearly 2000 km2, and 
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their volume is estimated to be at least 600 km3, making it 

the largest volcano by volume in the Cascade Range. Med 

icine Lake volcano began to grow about 1 m.y. ago, follow 

ing eruption of a large volume of tholeiitic high-alumina 

basalt. Similar high-alumina basalt has continued to erupt 

around the volcano throughout its history. Although mafic 

lavas predominate on the volcano's flanks, all lava compo 

sitions from basalt to rhyolite have erupted during Pleis 

tocene time. The lower flanks consist of mostly basaltic and 

some andesitic lavas. Basalt is mostly absent at higher 

elevations, where andesite dominates and rhyolite and small 

volumes of dacite are present [Donnelly-Nolan, 1988]. ' 

During the past 11,000 years, eruptive activity at Medicine 

Lake volcano has been episodic. Eight eruptions produced 

about 5.3 km3 of basaltic lava during a time interval of a few 
hundred years about 10,500 years ago. That eruptive episode 

was followed by a hiatus that ended with a small andesitic 

eruption about 4300 years ago. During the most recent 

eruptive episode between 3000 and 900 years ago, eight 

eruptions produced approximately 2.5 km3 of lava ranging in 
composition from basalt to rhyolite. Late Holocene lava 

compositions include basalt and andesite, but silicic lavas 

dominate [Donnelly-Nolan et at., 1989]. 

Medicine Lake caldera is a 7 x 12 km depression in the 

summit area of the volcano. Anderson [1941] suggested that 

the caldera formed by collapse after a large volume 6f 

andesite was erupted from vents along the caldera rid). 

However, the distribution of late Pleistocene vents', mostly 

concentrated along the rim, suggests that ring faults already 

existed when most of the andesite erupted [Donnelty-Noldk, 
1988]. No single large eruption has been related to caldera 
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Fig. I. Location map showing the Medicine Lake volcano-Mount Shasta area of the southern Cascade Range, 

northern California. Pattern indicates extent of lavas of Medicine Lake volcano. Heavy lines are faults, with bar and 

ball on downthrown side {Gay andAune [1958] and air photograph interpretation). Heavy dotted-dashed line represents 

the 1954-1989 leveling route. Contour interval is 1000 feet (305 m). 

formation. The only eruption recognized to have produced 

ash flow tuff occurred in late Pleistocene time, and this 

eruption was too small to account for formation of the 

caldera [Donnelly-Nolan and Nolan, 1986]. Donnelly-Nolan 

[1988] concluded that Medicine Lake caldera formed by 

collapse in response to repeated extrusions of mostly mafic 

lava beginning early in the history of the volcano (perhaps in 

a manner similar to the formation of Kilauea caldera, Ha 

waii). She hypothesized several small differentiated magma 

bodies fed by and interspersed among a plexus of dikes and 

sills. In her model, late Holocene andesitic to rhyolitic lavas 

were derived by fractionation, assimilation, and mixing from 

high-alumina basalt parental magma. 

Crustal Structure 

The crustal structure beneath Medicine Lake volcano is 

dominated by a roughly columnar region, approximately 40 

km thick and 50 km in diameter, consisting of mostly 

high-velocity material superposed on what has been inter 

preted as either (1) a transition zone from Klamath terrain to 

basement equivalent to Sierran batholith [Fuis et al., 1987] 

or (2) an underplated Basin and Range structure in a back arc 

setting [McKee et al., 1983; Catchings, 1987]. Seismic 

refraction measurements indicate that a high-velocity base 

ment underlies 3-5 km of low-velocity material, which 

presumably consists of lava flows from Medicine Lake 

volcano plus interbedded lava flows and sediment of the 

Modoc Plateau. Schlumberger soundings in the area de 

tected a "geoelectric basement" with a resistivity greater 

than 200 ohm m at a depth of 1.5 km beneath Medicine Lake 

caldera [Zohdy and Bisdorf, 1990], near the contact between 

the base of the volcano and the underlying Modoc Plateau. 

Various lines of evidence suggest that virtually the entire 

crustal column beneath Medicine Lake volcano has been 

intruded by mafic dikes, is still hot, and may be locally 

molten. The low-velocity layer near the surface is underlain 

at the volcano by a high-velocity, high-density lens that 

extends from about 1 km to at least 3 km below the caldera 

(from about 1 km above to 1 km below sea level; Figure 9a). 

This feature has been interpreted as a complex of mafic-to-

silicic material intruded into Modoc Plateau materials [Finn 

and Williams, 1982; Zucca et al., 1986; Evans and Zucca, 

1988]. An active source seismic tomography experiment 

indicated that seismic wave fronts are steepened by a 

radially symmetric, high-velocity anomaly 5-10 km beneath 

the volcano [Evans and Zucca, 1988]. This high-velocity 

root extends to even greater depths, as shown by inversion 

of teleseismic travel time data. The inversion indicates that 

the lower crust, upper mantle, and possibly the middle crust 

are 2-4% faster than surrounding material. In addition, the 

upper and middle crust beneath the volcano may be seismi-

cally attenuating, on the basis of interpretation of a seismic 

refraction study [Catchings, 1983]. 

At Newberry volcano, a shield volcano in central Oregon 

that is geologically similar to Medicine Lake volcano, 

Stauber et al. [1988] used teleseismic data to image a 

columnar high-velocity feature that extends from within 10 

km of the surface to about 25 km depth. They interpreted 

this feature as a largely subsolidus mafic intrusive complex. 

On the basis of the surface geology and seismic data from 
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MEDICINE LAKE - MOUNT SHASTA SEISMICITY 
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Fig. 2. Seismicily in the Medicine Lake-Mount Shasta region for the period from 1910 to August 1988. Solid 

squares represent seismographs of the USGS Mount Shasta network, including Little Mount Hoffman (LMH) on the 

west rim of Medicine Lake caldera. Large circle encloses a relatively aseismic area within 25 km of the summit of 
Medicine Lake volcano. Clusters of eanhquakes near Tennanl and Stephens Pass occurred during swarms in 1981 and 
1978. respectively [from Bolt and Miller, I97S: USGS. unpublished data. 1991]. 

Medicine Lake volcano, and by analogy to Newberry vol 

cano, we conclude that the lower and possibly middle crusts 

beneath Medicine Lake volcano consist of silicic rocks 

intruded by numerous dikes and sills that contain gabbro and 

diabase (slowly cooled equivalents of mafic melts), perhaps 

with variable amounts of basalt melt. In the upper mantle the 

high-velocity anomaly may represent ultramafic residuum 

left by removal of this basalt. This conclusion is consistent 

with (1) geochemical evidence suggesting that generation of 

intermediate and silicic melts from basaltic melts by frac-

tionation and assimilation occurs in the upper crust [Grove 

and Baker, 1984; Grove and Donnelly-Nolan, 1986; Grove et 

al., 1988] and (2) the eruption of primitive mantle-derived 

basalt throughout the history of Medicine Lake volcano 

[Donnelly-Nolan, 1988]. 

The high-resolution active seismic tomography experi 

ment mentioned above detected a low-velocity, \ow-Q re 

gion in the upper crust beneath Medicine Lake caldera 

[Evans and Zucca, 1988]. The anomalous feature, which 

extends from about I to 3 km below sea level (i.e., 3-5 km 

beneath the caldera), has a diameter of about 3 km and a 

volume of the order of 10 km3. It is interpreted as a small 
silicic magma body, on the basis of its distinctive seismic 

signature, its association with an active magmatic system, 

and various geologic, geochemical, and geophysical consid 

erations [Evans and Zucca, 1988; Evans and Walter, 1989]. 

No other magma bodies were suggested by the experiment, 

which had a spatial resolution of 1-2 km in the upper 5-7 km 

of the crust beneath the caldera and most of the shield. 

Seismicity 

Prior to the first seismograph records in 1909, there were 

various reports of seismic activity in the Medicine Lake 

region. G. W. Court right, a local rancher and trapper, felt 

numerous earthquakes and saw "flames" and ground cracks 

near Glass Mountain in January and February 1910 [Finch, 

1928]. Finch also reported that "earthquakes originating in 

the mountain and accompanied by rattling noises have been 

noted by Forest Service officials for at least IS years." He 

added, "Similar noises and shakes have been observed by 

Mr. Courtright for a much longer period." 

Seismic records collected by the University of California 

Berkeley Seismographic Stations starting in 1909 show no 

earthquakes in the Medicine Lake-Mount Shasta region 

prior to 1950 [Bolt and Miller, 1975]. However, instrumental 

coverage during that interval was such that events smaller 

than M 4 probably would not have been located. As addi 

tional stations were added in the 1950s, earthquakes as small 

as M 3.0 began to be located in the Mount Shasta area. Still, 

no events were detected near Medicine Lake volcano 

through 1975 (Figure 2). 

In 1980 the U.S. Geological Survey (USGS) extended its 

northern California seismic network by installing nine short-

period, vertical seismometers around Mount Shasta. The 

new stations included one on the western edge of Medicine 

Lake caldera at Little Mount Hoffman (LMH. Figure 3a). 

Seismic signals are telemetered by a combination of radio 

and telephone lines to the USGS office in Menlo Park, 
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Fig. 3a. Located earthquakes of the 1988 Medicine Lake swarm and its aftershocks. Epicenters are shown as open 

symbols, and seismographs of the USGS Medicine Lake network, installed in October 1988, are shown as solid squares. 

Solid line at lower left represents the main road across the caldera that was leveled in 1954,1988, and 1989; dashed line 

represents the caldera rim. The star about 2 km west of the west end of Medicine Lake marks the location of a 

long-period earthquake that occurred at 15 km depth on December 1,1989. Line B-B'shows the orientation of the cross 
section shown in Figure 36. 

California, where they are recorded and earthquakes are 

identified, timed, and located. Earthquakes are located with 

HYPOINVERSE [Klein, 1989] using a homogeneous lay 

ered crustal model determined from refraction studies 

[Cachings, 1983, 1987]. For a full discussion of instrumen 

tation and data processing, see Lester and Meagher [1978] 

and Stewart and O'Neill [1980]. 

Between 1980 and the September 1988 swarm (see below), 

only three earthquakes were located in the vicinity of 

Medicine Lake caldera. Two of these events occurred in the 

eastern part of the caldera, in an area active after the 1988 

swarm. The third event was a long-period earthquake that 

occurred on October 14, 1986. An approximate location for 

this event places it about 13 km beneath the western edge of 

the caldera, close to the hypocenter of a well-located long-

4 6 

Dblancc (km) 

Fig. 36. Cross section shows depths of the earthquakes that 

occurred during the 1988 swarm. All epicenters shown in Figure 3a 

were projected onto a vertical plane through B-B'. Star at about 15 

km depth represents the same long-period earthquake as in Figure 

3a. 

period earthquake that occurred on December 1, 1989 (see 

the 1988 Medicine Lake swarm, Figure 3). 

1978 Stephens Pass Swarm 

The apparent seismic quiescence near Medicine Lake 

volcano was broken by an intense swarm of shallow earth 

quakes that began with a M 4.6 event on August 1,1978. The 

initial shock was followed within the next 90 min by six 

events of M 3.5-4.5 and within 24 hours by 100-200 events of 

M a 2 [Cramer, 1978; Bennett et al., 1979]. The epicentral 

area was centered 15 km south of the town of Tennant and 5 

km south of Stephens Pass, approximately midway between 

Medicine Lake volcano and Mount Shasta (Figure 2). A 

second flurry of activity began with a M 4.3 event on August 

12. On August 14, U.S. Forest Service personnel reported 

large fissures across Stephens Pass Road 5 km south of 

Stephens Pass. 

Subsequent field observations documented a 2-km-long, 

75-m-wide zone of tensional fractures, grabens, and circular 

depressions ("sink holes") within the grabens. The zone 

trended north-south through the epicentral area (Figure 4). 

Vertical displacements were as large as 1 m in the grabens 

and 1.5 m in the circular depressions [Cramer, 1978; Bennett 

et al., 1979]. An 8-km-long aftershock zone dips eastward 

away from the ground breakage; focal depths increase 

eastward to a maximum of about 4 km. Focal mechanisms 

suggest east-west extension on a north striking fault dipping 

35o-45° east [Cramer, 1978], consistent with the pattern of 

north striking normal faults in the region. 

1981 Tennant Swarm 

Another swarm of shallow earthquakes occurred during 

January-February 1981, in this case almost directly beneath 
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Fig. 4. Locations of bench marks along the 193-m leveling circuit across Medicine Lake volcano and Stephens 

Pass. Also shown are the locations of Bartle, Hambone, Tennant, and several features mentioned in the text. Stippling 

indicates five elevation ranges, from less than 4000 feet (I220 m) above sea level (no stippling) to more than 7000 feet 

above sea level (2I3O m) (the heaviest stippling); contour interval is 1000 feel (305 m). Throughout the text, stadia 

distances are measured counterclockwise from H197, the southernmost mark in the circuit, near Bartle. Dashed line 

marks the boundary of Medicine Lake caldera; solid line between bench marks C500 and 45C near Stephens Pass 

indicates the area of ground breakage associated with the 1978 Stephens Pass earthquake swarm (from Bennett et al., 

1979]. 

the small town of Tennant, about 10 km north of Stephens 

Pass. The activity began on January 1, 1981, with an 

earthquake that was felt by residents of Tennant (A. M. 

Allison, personal communication, 1981). Several dozen ad 

ditional events, all of M < 3.0, were recorded on seismo 

graphs of the Mount Shasta network from January S to 

January 8. Activity increased abruptly early on January 9 

with a M 4.1 earthquake, the largest of the sequence, 

followed by 26 events of M a 2.0 within the next 24 hours, 

including 11 events of M a 3.0. Seismicity declined mark 

edly over the next several weeks, with several flurries of 

small events (2.0 s M £ 3.0) on January 12 and again in 

early February. 

Temporary seismic stations were installed by January IS, 

after the main part of the sequence had ended. Well-

determined focal depths for aftershocks recorded by the 

temporary stations all are very shallow, generally less than 2 

km. The aftershock zone is about 10 km long and elongate in 

a north-south direction, suggesting movement on a north 

striking fault aligned with the regional structural pattern 

(Figures 1 and 2). Despite the large extent of the aftershock 

zone and the shallowness of the seismicity, no ground 

breakage was reported. However, minor ground breakage 

could have been obscured by a thin layer of snow covering 

the ground at the time (J. Coakley, personal communication, 

1990). 

1988 Medicine Lake Swarm 

The Medicine Lake swarm began on the morning of 

September 29, 1988, with a flurry of some 20 small events, 

the largest of M 3.3. The swarm peaked in the late afternoon 

with more than 80 earthquakes recorded in 1 hour, including 

two M 3.S events and one M 4.1 event, the largest of the 



16.324 Dzurisin r.T al.: Crust Nf.ar Mf.oicini: Lakf. Volcano. California 

VERTICAL DISPLACEMENTS AND TOPOGRAPHY 
1954-89, MEDICINE LAKE LEVELING CIRCUIT 

2 
UJ 

i 

a 

2 

01 

•so-

■100-

•150-

-200 

-250 

•300-

•3S0rk< 

-400 

CALDERA *^T 
A 
X 

js<arB>W 
VS01 

"* 
* 

%T 

■450 
0 20 

BARTLE 

V-T5O2 

MEDICINE 

LAKE 

"**. .^ 
STEPHENS 

PASS 

40 60 80 100 120 140 

STADIA DISTANCE (KM) 

160 

2200 

2000 

1600 -. 

-1600 p 

-1400 «" 

-1200 

160 200 

BARTLE 

10O0 

DISPLACEMENT (MM) * ELEVATION (M) 

Fig. 5. Topographic profile (asterisks) and 1954-1989 vertical displacements (squares) along the Medicine Lake-

Stephens Pass leveling circuit. Stadia distance is measured counterclockwise from H197 near Bartle. which is held fixed 

(see Figure 4). Stippled area indicates I standard deviation in the vertical displacements, based on published standards 

for second-order, class II leveling surveys (1954) and first-order, class II surveys (1989) [Vanicek el al.. 1980). At any 

stadia distance the vertical dimension of the stippled area indicates the height of the l-sigma error bar at that distance. 

sequence. Activity declined rapidly with 90 earthquakes 

recorded in the next 24 hours, several events per day during 

October 1988, and several events per week during the 

remainder of 1988. Several additional seismographs were 

installed around Medicine Lake caldera in late October 1988 

(Figure 3). Sporadic flurries of small events (A/ £ 3.1) 

occurred beneath Medicine Lake caldera throughout 1989 

[Walter and Dzurisin, 1989]. 

All 1988-1989 earthquakes occurred beneath Medicine 

Lake caldera. primarily north or west of Medicine Lake 

(Figure 3a) and within about 2 km of the surface (Figure 3b). 

A small cluster of events occurred in April 1989 at depths of 

3-4 km beneath the eastern part of the caldera. With one 

exception, all 1988-1989 earthquakes were short-period, 

lectonic-type events. A long-period event of M 2.7 occurred 

about 15 km beneath the western part of the caldera on 

December 1, 1989. Similar long-period events have been 

recorded (I) beneath Kilauea and Mauna Loa volcanoes in 

Hawaii; (2) beneath Long Valley caldera. the Lassen volca 

nic center, and near the Geysers/Clear Lake area, all in 

California; and (3) at Yellowstone caldera in Wyoming. The 

significance of such long-period events may not be the same 

at every volcano, but their association with young magmatic 

systems suggests that they record movement of mafic 

magma or other fluids within the crust [e.g., Koyanagi et al., 

1987; Chouet et al., 1987]. 

Leveling Results 

A 193-km leveling circuit across Medicine Lake volcano 

and Stephens Pass via the towns of Tennant and Bartle 

(Figure 4) was first measured in 1934 by the National 

Geodetic Survey (NGS) using second-order, class II proce 

dures. The circuit was remeasured in 1989 by the USGS 

Cascades Volcano Observatory (CVO). using first-order, 

class II procedures. CVO also measured a 20-km segment of 

the same circuit, from bench mark JS02 near Little Glass 

Mountain eastward across Medicine Lake caldera via T502 

to 46 M. in August 1988 and October 1988. All appropriate 

corrections specified by NGS [Schomaker and Berry, 1981; 

Balazs and Young, 1982] were applied to the measurements, 

including rod scale corrections based on calibrations per 

formed at the National Bureau of Standards and refraction 

corrections based on measured temperatures. Misclosures 

for the 193-km circuit were 5.4 mm in 1954 and 19.7 mm in 

1989, compared to NGS specifications of III mm (8 mm/ 

km"2 Lil2 for second-order, class II surveys) and 69 mm (5 
mm/km"2 L112 for first-order, class II surveys [Vanicek et 
al., 1980]), respectively. An analysis of random and system 

atic errors in the surveys is given in the Appendix. 

Vertical Displacements, 1954-1989 

Figures 4-6 show bench mark locations, topography, and 

vertical displacements during 1954-1989 along the Medicine 

Lake leveling circuit. Displacements are relative to bench 

mark H197 near Bartle, which was held fixed as a reference. 

A broad area of subsidence centered at Medicine Lake 

caldera and extending across the entire volcano is evident in 

Figures 5 and 6. The maximum measured subsidence was 

389 ± 43 mm at T502, which corresponds to an average 

annual rate of 11.1 ± 1.2 mm/yr during the 35-year interval 

spanned by the surveys. T5O2 is the bench mark nearest to 

the center of the caldera. 

Between 1954 and 1989. large local displacements oc 

curred south of Medicine Lake caldera near M500 (east of 

Thomas
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VERTICAL DISPLACEMENTS, 1954-89 
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Fig. 6. Three-dimensional representation of the 1954-1989 ver 

tical displacements in the Medicine Lake region. Curved lines 

represent contours of relative vertical displacement (contour inter 

val = 10 mm). Locations of bench marks along the leveling route are 

indicated by small vertical lines. View is from the northwest. 

Displacements are known accurately only at the marks; elsewhere 

they were extrapolated using a gridding program with an inverse 

square weighting scheme. Fault displacements near MSOO (Ham-

bone), YSOO (Julia Glover Rat), and C500 (Stephens Pass) are not 

portrayed accurately because the leveling traverse did not sample 

those areas in detail. 

Hambone) and Y500 (northeast end of Indian Spring Moun 

tain), and also west of the caldera near V50I and N501 (north 

of Tennant) and C500 (Stephens Pass) (Figures 4-6). C500 is 

located within the epicentral area of the 1978 Stephens Pass 

earthquake swarm, near the southern end of a zone of 

ground cracks that formed during the swarm [Bennett et al., 

1979]. C500 is on the east (downthrown) side of the surface 

cracks, while nearby marks are on the west side. We 

attribute the anomalous movement of C500 to the effects of 

the 1978 swarm. V501 and N501 are located near the 

northern margin of the epicentral area associated with the 

1981 Tennant earthquake swarm, near a prominent north 

striking regional fault (Figures 1 and 4). We suspect that the 

anomalous movements of V501, N501, and two intervening 

marks occurred during the 1981 swarm. M500 and Y500 are 

located near prominent, young-looking normal faults that 

bound Indian Spring Mountain and Julia Glover Flat in 

horst-and-graben terrain about 30 km south of Medicine 

Lake caldera (Figure 4). One fault forms the eastern bound 

ary of Julia Glover Flat and offsets by about 10 m a basalt 

flow dated 10,600 years B.P. [Donnelly-Nolan et al., 1989]. 

The large displacements of marks near M500 and Y500 

indicate that some of these faults have been active since 

1954. A search of regional seismic records for the period 

from 1911 to 1989 turned up only one earthquake larger than 

M 2.0 in the area; a M 3.2 event on February 16, 1959, 

located about 10 km east-southeast of Hambone, beneath 

Julia Glover Flat. However, the records are incomplete for 

events of M £ 4.5 prior to about 1950 and of M £ 3.5 during 

1950-1980. Therefore a swarm of smaller earthquakes could 

have gone undetected, as evidenced by the absence of 

recorded earthquakes near Glass Mountain associated with 

the 1910 swarm reported by Finch [1928]. 

Inspection of Figures 4 and 5 suggests that historical 

faulting has downdropped Medicine Lake volcano by 5-10 

cm with respect to the surrounding plateau (i.e., P5O3 

relative to Y500and T50I relative N501; Figure 5). Owing to 

the configuration of the leveling route, it is unclear whether 

this subsidence is bounded by a north striking graben or a 

basin centered at Medicine Lake caldera. The existence of a 

circular subsidence feature nested within a major north 

striking graben encompassing both Medicine Lake volcano 

and Mount Shasta has been proposed on the basis of regional 

magnetic and gravity anomalies [Blakely et al., 1985; Blakely 

and Jachens, 1990], but those anomalies are considerably 

larger than the area of subsidence surrounding Medicine 

Lake caldera. 

It is surprising that Julia Glover Flat, a young-looking 

graben that the leveling route crosses between Q500 and 

X500, was stable during 1954-1989 while adjacent areas to 

the west and northeast subsided 10-15 cm (Figure 5). This 

sense of movement is opposite to what has prevailed over 

longer time scales, as indicated by the current topography 

and by large Holocene movements on faults that bound the 

graben. Thus Julia Glover Flat seems particularly prone to 

faulting and subsidence in the future. 

Vertical Displacements, 1988-1989 

Any relation between the subsidence during 1988-1989 

and the September 1988 earthquake swarm is difficult to 

demonstrate, because movements were barely larger than 

measurement error. Vertical displacements within Medicine 

Lake caldera from August 1988 to August 1989 are mostly 

less than 2 standard deviations of the measurements and 

therefore of marginal significance. However, the measured 

displacements suggest that the intracaldera subsidence rate 

was at least as high during 1988-1989 as during 1954-1989. 

The average subsidence rate at T502 with respect to J502 

was 13.8 ±3.5 mm during 1988-1989 compared to 5.2 ± 0.2 

mm/yr during 1954-1989. The amount of movement at T502 

during 1988-1989 seems anomalous relative to nearby bench 

marks (Figure 7), but even at adjacent marks the 1988-1989 

subsidence rates were higher than the 1954-1989 rates (e.g., 

at X502, 7.6 ± 4.0 mm/yr during 1988-1989 compared to 4.8 

± 0.3 mm/yr during 1954-1989). The 1988 and 1989 surveys 

did not include H197, so subsidence rates with respect to 

HI97 can only be estimated by comparison with the 1954-

1989 results. From 1954 to 1989 the amount of subsidence at 

T502 with respect to J502 was about half the amount at T502 

with respect to H197 (Figure 5). Assuming the subsidence 

pattern did not change, we doubled the 1988-1989 subsid 

ence rates with respect to J502 to estimate the rates with 

respect to H197. Thus we estimate that the center of 

Medicine Lake caldera subsided 15 mm/yr (X502) to 28 

mm/yr (T502) with respect to H197 during 1988-1989, com 

pared to 11.1 ± 1.2 mm/yr at T502 during 1954-1989. 

Subsidence Mechanisms 

Mechanisms that might cause subsidence of Medicine 

Lake volcano and sporadic earthquake swarms in the sur-
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Fig. 7. Annual vertical displacement rates relative to J5O2 for the periods 1954-1989 (squares) and August 1988 to 

August 1989 (asterisks) along a 20-km leveling traverse across Medicine Lake caldera. Stippled area indicates 1 

standard deviation in the 1988-1989 displacement rates. At any stadia distance the vertical dimension of the stippled 

area indicates the height of the 1-sigma error bar for the 1988-1989 measurements at that distance. See Figure 4 for 

locations of bench marks. 

rounding area include (I) crustal thinning caused by exten 

sion in the western Basin and Range province, (2) loading of 

the crust by the weight of the volcano and its subvolcanic 

intrusive complex, (3) densification during cooling and crys 

tallization of magma, and (4) deflation caused by magma 

withdrawal. We propose that mechanisms 1 and 2 are 

primarily responsible for historical subsidence and that 

mechanisms 3 and 4 may contribute over longer time scales. 

Crustal Extension 

Several lines of evidence indicate that an important mech 

anism for historical subsidence at Medicine Lake volcano is 

thinning and bending of the crust in response to regional 

tectonic extension. Although the contemporary extension 

rate has yet to be measured .structural and geologic evidence 

indicates that Medicine Lake volcano lies in a region of 

east-west extension that has been active at least through late 

Holocene time. Seismic and leveling data show that exten 

sion and faulting have continued to the present. The Medi 

cine Lake area is cut by numerous north striking normal 

faults with up to a few hundred meters of displacement. 

Others may be partially or completely buried by young lava 

flows. Open ground cracks, common on and around Medi 

cine Lake volcano, have N30°W to N30°E orientations and 

east-west opening directions consistent with the extensional 

direction indicated by regional faults [Donnelly-Nolan, 

1988]. The same is true for cracks that formed during thp 

1978 Stephens Pass earthquakes, which had focal mecha 

nisms indicating east-west extension on a north striking fault 

[Cramer, 1978]. 

If the mechanical response of the crust in the Medicine 

Lake region were laterally homogeneous, east-west exten 

sion would cause grabens and fissures to form along a north 

striking axis, creating a north trending trough. That is not the 

pattern observed at Medicine Lake volcano, where the 

known subsidence is more or less symmetric about the 

center of Medicine Lake caldera. However, could such a 

pattern result from east-west extension if the crust beneath 

the volcano is mechanically weaker than its surroundings? 

Using a finite element model of the crust and upper mantle 

beneath the Yellowstone region. Meenens [1987] demon 

strated the reverse process, i.e., that regional compressive 

strain can cause doming of mechanically weak crust. He 

proposed that such weakness is a consequence of elevated 

temperatures and fracturing associated with the Yellowstone 

magmatic and hydrothermal systems. If similar conditions 

prevail beneath Medicine Lake volcano (as indicated by 

interpretation of seismic data), then subsidence of weak 

subvolcanic crust could be a result of Basin and Range 

extension. 

Crustal Loading 

Another mechanism that may contribute to subsidence at 

Medicine Lake volcano is crustal loading by the volcanic 

edifice and dense mafic intrusions. A similar mechanism has 

been proposed to account for subsidence of the Hawaiian 

Islands [Moore, 1970]. The dimension over which the crust 

is loaded, which determines the response depth, is an order 

of magnitude larger in Hawaii (400 km) than at Medicine 

Lake volcano (40 km). Therefore a classical isostatic re 

sponse of the asthenosphere is unlikely at Medicine Lake 

volcano. However, a similar response might occur within the 

upper lithosphere, because is has been heated and weakened 

by numerous mafic intrusions. 

Studies of samples from eight drill holes located on the 

upper flanks of Medicine Lake volcano indicate that five of 

the holes penetrated the entire volcanic pile. In drill cores 

from each of those holes, fresh aphyric lavas of Medicine 

Lake volcano abruptly give way to altered flows, sediments, 
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and/or porphyritic lavas, some of which are petrographically 

unlike Medicine Lake lavas [Donnelly-Nolan, I990J. One 

hole on the west flank reached a highland of pre-Medicine 

Lake volcano vents and flows (at 4600 feet. 1402 m eleva 

tion) that connects westward to Mount Shasta. The other 

four holes penetrated the base of Medicine Lake volcano at 

elevations of 2487-3365 feet (758-1026 m), well below the 

level of the surrounding Modoc Plateau (1250 m). The 

possibility that a circular basin 0.5 km deep may have 

existed at the location where Medicine Lake volcano was 

built is thought to be unlikely. No-thick sequences of 

sediment are present in any of the drill holes, nor do the 

underlying basalt flows show signs of eruption into water. 

We conclude that the crust under the volcano has been 

downwarped approximately 0.5 km relative to the surround 

ing plateau, at least partly as a result of crustal loading. 

The downwarped part of the volcanic edifice does not 

contribute significantly to the isostatic load, because it 

displaces rocks of similar density [ZuCca et a/., 1986]. 

However, the drill core observations indicate the large 

magnitude of subsidence that has occurred over geologic 

time scales, and it is likely that at least part of the historical 

subsidence is caused by this mechanism. More subsidence 

may have occurred deeper in the crustal column if magmatic 

intrusion caused unrecorded uplift, which seems likely on 

the basis of seismic evidence for dense intrusive material 

throughout the crustal column. One consequence of the 

downwarping is that the volume of the volcano may be 

significantly greater than the previous estimate of 600 km3. 

The volume of Medicine Lake volcano that has been down 

warped below 1250 m elevation is approximately 150 km3, so 

the total volume of the volcanic pile is estimated to be 750 

km3. 
The long-term subsidence rate calculated from the amount 

of downwarping can be compared to the historical subsid 

ence rate determined from measured displacements. Geo 

logic mapping shows that Medicine Lake volcano had at 

tained essentially its current configuration by about 150,000 

years B.P., so the current subsidence rate can be estimated 

as 0.5 km/1.5 x 10s years = 3 mm/yr (assuming that the 

entire load was emplaced 150,000 years ago). This estimate 

is of the same order as, but almost a factor of 4 less than, the 

subsidence rate during 1954-1989 measured by leveling 

(11.1 ± 1.2 mm/yr). The implication is that the effect of 

crustal loading has increased through time to account for the 

current subsidence rate or, more likely, that crustal loading 

is not the dominant cause of contemporary subsidence. 

Cooling and Crystallization of Magma 

Subsidence may also result from densification in response 

to fluid loss during cooling arid crystallization of magma. 

Even for a large rhyolitic system with a vigorous hydrother-

mal system such as Yellowstone, the thermal contraction 

caused by cooling of crystalline rock is negligible. However, 

if heat is extracted from the crustal column by cooling and 

crystallization of magma, the amount of contraction is ap 

preciable. At Yellowstone, crystallization of rhyolite initially 

containing 2 wt % water results in a 1% decrease in volume, 

assuming that all of the released aqueous fluid escapes to the 

shallow, hydrostatically pressured part of the hydrothermal 

system [Fournier, 1989; Dzurisin et at., 1990]. The amount of 

contraction would be somewhat less for silicic magmas, 

which typically contain less water. Note that this mechanism 

causes both horizontal contraction and subsidence, owing to 

the net decrease in volume. 

Although there is scant surface evidence for a significant 

hydrothermal system beneath Medicine lake volcano, high 

vertical temperature gradients in three drill holes suggest 

that a considerable amount of heat may be available in the 

shallow subsurface [Donnelly-Nolan et al., 1989]. The most 

likely heat sources are the low-velocity, low-0 zone beneath 

the caldera or an underlying zone of mafic intrusions. If the 

-heat-is derived from crystallizing magma in either of these 

zones, resulting fluid loss may account for part of the 

historical subsidence. If so, the thermal and chemical signa 

ture of the magma is greatly attenuated at the surface, 

possibly by flushing through the shallow ground water sys 

tem. 

Magma Withdrawal 

Evans and Walter [1989] proposed that deflation of the 

shallow magma chamber identified by a seismic tomography 

experiment [Evans and Zucca, 1988] caused the floor of 

Medicine Lake caldera to bow downward and eventually fail 

under bending stresses during the September 1988 earth 

quake swarm (Figure 9a). Although deflation of this chamber 

might contribute to subsidence, the leveling observations 

and modeling results (see the section on source models) 

show that the chamber is too small and shallow to account 

for the full extent of the 1954-1989 subsidence. Two long-

period earthquakes have occurred recently in the depth 

range 13-15 km beneath Medicine Lake caldera, but their 

relation to the 1954-1989 subsidence is uncertain. Perhaps 

intruding mafic magma accumulates temporarily at 10-15 km 

depth, cools, densities, and then sinks while still fluid to 

cause subsidence. Withdrawal of silicic magma from shal 

lower depth seems less likely, owing to its lower density and 

greater effective viscosity. In either case, magma withdrawal 

probably is of secondary importance except during eruptive 

or intrusive episodes, when large volumes of magma move 

rapidly to the surface or into the rift zones. 

Source Models 

A realistic model of the 1954-1989 subsidence would 

include both viscoelastic and brittle deformation (i.e., down-

sagging and faulting) and would be constrained by both 

horizontal and vertical displacement data. Lacking horizon 

tal data, we used a simple point source elastic model [Mogi, 

1958] to estimate the depth of the deformation source (i.e., 

volume decrease) from the measured vertical displacements. 

Although the model assumes that the crust is homogeneous 

and elastic, the effects of faulting and tectonic strain can be 

factored in qualitatively to explore the range of likely source 

depths. First, we consider all of the observations except for 

several marks obviously affected by faulting. Then we con 

sider only those marks within 25 km of T502, where the 

subsidence profile is smooth and no faulting is indicated. In 

each case the volume change in the source region is adjusted 

to match the observed subsidence at T502. 

Using a single deformation source, the best fit is obtained 

for a source depth of 15 km and a volume decrease of 550 x 

106 m3 (Figure 8a). A slightly better fit results from including 
two sources: one at 15 km depth (volume decrease of 450 x 

y 
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Fig. 8. Vertical displacement during 1954-1989 versus radial 

distance from bench mark TS02 (near the center of Medicine Lake 

caldera) from leveling (squares) and from point source elastic 

models of bodies at the indicated depths (curved lines), (a) Attempt 

to fit all of the observations except those obviously affected by 

faulting. Solid lines represent effects of single sources centered at 

depths of 10, 15, and 20 km; dashed line represents the combined 

effect of two sources, one at 4 km depth and one at 15 km depth. The 

source volume decreases required to produce the indicated subsid 

ence for sources at various depths are (in units of I06 m3) 980 (depth 
= 20 km), 550 (15 km). 245 (10 km), and 450 + 7 (15 + 4 km). Each 

model was fit to the data by inspection; other combinations of depth 

and source volume change are possible. Ellipse encloses seven 

marks affected by local faulting (V50I. U501, T501, C500, P503. 

M500, and P500) which were ignored when fitting the curves to the 

data, (b) Attempt to fit only those observations within 25 km of 

T502. assuming that more distant points are affected bv faulting. The 

required source volume changes are (in units of I06 m}) 205 (11 km), 
140 (9 km), and 83 (7 km). Vertical line separates marks within 25 km 

of T502, where the subsidence profile is smooth, from those farther 

away and subject to faulting. Only marks to the left of the line were 

considered for the model. 

I06 m3) and another at 4 km depth (volume decrease of 7 x 
106 m3). The deeper source corresponds to the approximate 
locations of two long-period earthquakes that might indicate 

a magma storage zone, and the upper source corresponds to 

the low-velocity, low-Q anomaly interpreted by Evans and 

Zucca [1988] as a silicic magma body beneath Medicine 

Lake caldera. The addition of a second source improves the 

fit slightly, but the improvement may simply reflect the 

increased degrees of freedom in the model. 

An alternative model is illustrated in Figure 8/>. The shape 

of the subsidence profile in Figure 5 and the offset near a 

radial distance of 25 km in Figure 8a suggest that the entire 

volcano, including the downwarped area centered at T502, 

has been downfaulted 5-10 cm relative to the surrounding 

plateau. This is illustrated in Figure 5 by the relative dis 

placements of X500 and P5O3 near a stadia distance of 40 km 

and of N501 and T501 near a stadia distance of 120 km. To 

exclude the effect of faulting from the second model, we 

considered only those marks located within 25 km of T5O2. A 

-volume decrease of 140 x 106 m3 centered at 9 km depth 

yields the best fit. This model probably underestimates the 

true source depth by ignoring the far-field deformation, while 

the previous model may overestimate the depth slightly by 

ignoring the effect of faulting. A possible advantage of the 

second model, in view of the lack of a single large magma 

body beneath Medicine Lake caldera, is that smaller subsur 

face volume changes are needed to explain the amount of 

historical subsidence. : 

We suspect that the source is actually a vertically ex 

tended plexus of dikes with subsidiary magma storage zones 

at depths of 10-15 km and 3-5 km. This interpretation is 

based on (I) regional geophysical measurements that suggest 

the presence of mafic intrusions throughout the crus,t; (2) the 

occurrence of long-period earthquakes, suggesting magma 

movement, at 10-15 km depth; (3) seismic tomography 

measurements that indicate a small magma chamber at 3-5 

km depth; and (4) the geodetic modeling results described 

above. 

Conceptual Model 

Our preferred model of the Medicine Lake magmatic 

system is illustrated in Figure 9. The dominant causes of 

subsidence are (1) crustal loading by the volcano plus dense 

subvolcanic intrusions and (2) crustal thinning due to Basin 

and Range extension. Both processes are facilitated by 

heat-induced crustal weakening; indeed, without such weak 

ening, the load probably would be supported by an elastic 

upper lithosphere. A roughly columnar region beneath the 

edifice has been intruded extensively by basalt, most of 

which has solidified, thereby heating and weakening the 

crustal column (Figure 9c). An unknown fraction of this melt 

has differentiated to more silicic material that has intruded 

the upper crust and erupted at the surface, as has some of the 

parental basalt. Addition of mass and heat causes the vol 

cano and underlying crust to subside. At the same time. 

Basin and Range extension thins the weakened crust, caus 

ing it to subside further. Possible subsidiary causes of 

surface subsidence include fluid loss during crystallization of 

magma and withdrawal of magma as a result of cooling or 

eruptions. 

Earthquakes are largely absent from the heated crustal 

column but occur around its periphery. Historical earth 

quake swarms and faulting episodes mark the transition from 

relatively warm crust near the volcano to cooler crust 25 km 

or more from the summit. The inner zone deforms more 

steadily and mostly aseismically, while the outer zone de 

forms episodically by brittle failure. The pattern of subsid 

ence is roughly symmetric about Medicine Lake caldera, 

except possibly for north-south elongation caused by east-

west tectonic extension. 

In the summit area, most tectonic strain is released by 
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Fig. 9a. Conceptual model for Medicine Lake volcano. Many details are abstracted or rendered in schematic. 

East-west cross section through the volcano, showing major volcano-tectonic features plus the bending moment 

mechanism believed to be responsible for a shallow earthquake swarm in the summit region. Large arrows indicate 

load; small arrows, stars, and "focal spheres" indicate response. Velocity structure and rock types are abstracted from 

a seismic refraction study by Zucca el at. (1986). Asterisk represents a relatively deep, long-period earthquake like 

those which occurred beneath the volcano on October 14, 1986. and December 12, 1989. 

North 

| 20 km—| 

Some alavollon, warm, 

•omawhal dense: 

•lower subsidence 

Explanation: 

Hi Regional 'tectonic* 

earthquake 

0 Subsidence-Induced 

shallow swarm 

r\ Basin and Range 
1/ extension 

Fig. 9b. Plan view schematic of regional structure and loading stresses. "Tectonic" earthquakes (stars) are rare or 

absent in the healed crust beneath the volcano, except for shallow earthquake swarms that occur in the relatively cool, 

brittle lavas and sediment of the volcanic edifice. 
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Wast 

Fig. 9c. Cross section showing mass and heat transfer in the 

cnistal column beneath the volcano. Both the edifice and a column 

of relatively dense, mafic intrusive material load the column. Heat 

ing by intrusions weakens the column, so it subsides in response to 

the load and to Basin and Range extension. It is unclear whether 

deeper boundaries would suffer net upward or downward deflections 

(dashed lines). Episodic withdrawal of magma and fluid loss during 

crystallization also may also contribute to subsidence. 

thermally augmented creep and subsidence. Episodic 

swarms of shallow earthquakes are caused by subsidence-

induced bending of a weak, brittle surface layer consisting of 

lava flows and related sediment, i.e., the volcanic edifice and 

possibly some underlying Modoc Plateau rocks (Figure 9a). 

In theory this layer fails under compression near the surface 

and under extension near its base. At Medicine Lake 

caldera, there is weak evidence from earthquake focal 

mechanisms for compression near the surface and extension 

a few kilometers deeper. Most earthquakes in the 1988-1989 

swarm occurred near the center of bending, i.e., at the 

center of the caldera near TS02. 

The dominant control on the pattern of seismicity in the 

Medicine Lake region is the system of north striking normal 

faults formed by cnistal extension at the western edge of the 

Basin and Range province. For this reason, seismic activity 

over geologic time scales presumably reflects the pervasive 

north-south structural grain in the region. The historical 

record is too short for this pattern to assert itself fully, but 

the character of earthquake swarms such as those near 

Stephens Pass in 1978 and Tennant in 1981 is consistent with 

normal faulting along north striking faults. An important 

secondary control on regional seismicity is the transition 

from warm to cool crust about 25 km from the summit of 

Medicine Lake caldera. 

Tectonism and volcanism appear to be linked at Medicine 

Lake volcano to the extent that ground breakage in the 

context of regional cnistal extension sometimes is accompa 

nied by eruption of lava to the surface. A set of northeast 

striking, east-west opening ground cracks formed during the 

Little Glass Mountain eruption about 1000 years ago on the 

upper west flank of the volcano [Fink and Pollard, 1983]. 

This fracturing was accompanied by emplacement of rhyo-

lite domes at about 10 sites along a 7.5-km-long N30°E 

alignment. Other vents also are located along inferred faults 

and Assures, and most vents form alignments oriented be 

tween N30°W and N30°E (similar to regional fault trends). 

Magma movement probably occurs more commonly along 

north striking dikes than central conduits, although the latter 

may occur under Medicine Lake caldera where small differ 

entiated magma bodies may be present [Donnelly-Nolan, 

1988; Evans and Zucca, 19881. 

This model can be tested by repeated geodetic measure 

ments across the inferred transition from aseismic subsid 

ence to episodic normal faulting. The Global Positioning 

System (GPS) of satellite geodesy is capable of measuring 

vertical and horizontal displacements to an accuracy of 

about I cm over horizontal distances of at least 200 km 

[Davis et at., 1989; Prescott et al., 1989] and thus is well 

suited to this task. USGS established a regional network of 

GPS stations in the Mount Shasta-Medicine Lake region 

during July 1990. The network will be remeasured in 3-5 

years to determine the contemporary strain rate and to 

characterize further the relation between tectonism and 

magmatism in this transitional zone between the Cascades 

and the Basin and Range. 

Appendix: Analysis of Leveling Errors 

Random Error 

The magnitude of random error in leveling surveys can be 

estimated by closing a circuit, double running all or part of a 

traverse or assuming that the error is typical of other surveys 

of the same order and class. On the basis of several decades 

of NGS experience the standard deviation u of an observed 

elevation difference h measured by leveling is given by 

<r(h) = 
1/2 

where /3, in units of mm/km"2, is a constant for each order 
and class of leveling and L is the distance along the traverse. 

The standard deviation of a vertical displacement (i.e., 

change in an observed elevation difference between surveys) 

is given by 

where o-( and <r2 are the standard deviations of the observed 

elevation differences from the first and second surveys, 

respectively. The contemporary value of j3 is 0.7 mm/km m 
for first-order, class II surveys and 1.3 mm/km m for second-
order, class II surveys. However, NGS experience indicates 

that the value of p for second-order surveys during 1917— 

1955 (including the 1954 survey at Medicine Lake) was about 

3 mm/km"2 [Vanicek et al., 1980]. Thus the standard devi 

ation of vertical displacements measured between the 1988 

and the 1989 surveys is taken as 1 mm/km"2 Lltt, and the 
standard deviation of vertical displacements measured be 

tween the 1954 and the 1989 surveys is taken as 3.1 mm/ 

km"2 Lm. This corresponds to an accumulated i-o-uncer 

tainty of ±4.5 mm along the 1988-1989 traverse and ±43 mm 

around the 1954-1989 circuit. 

Systematic Error 

Inspection of the 1954-1989 leveling results suggests an 

inverse correlation between elevation and vertical displace 

ment or, in other words, between slope and tilt (Figure 5). 

Such a correlation could be a consequence of (1) volcano-

tectonic processes responsible for subsidence or (2) system 

atic leveling errors that accumulate with elevation (e.g., rod 

scale or refraction error) and are not completely removed by 

corrections. The mean slope along the leveling circuit varies 
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Fig. Al. Tilt versus slope plots and regression lines (a) for 

sections of the leveling circuit located off Medicine Lake volcano 

(case 2) and (b) for sections located on the volcano (case 3). Dashed 

regression lines are for the unweighted case: dotted lines are for the 

weighted case. Numbers denote bench mark pairs (i.e., sections) 

that differ in the two plots. See the Appendix for details. 

from almost zero near Tennant to about 2% on the flanks of 

Medicine Lake volcano and near Stephens Pass (Figure 5). 

Accumulation of systematic error is possible in such terrain, 

but the largest cumulative correction applied to either the 

1954 or the 1989 data was only 43 mm (K. Koepsell, personal 

communication, 1990; CVO, unpublished data, 1991). There 

fore barring a serious flaw in the corrections, any residual 

error is likely to be much smaller than the maximum subsid 

ence during 1954-1989 (389 ± 43 mm). We verified that 

conclusion in two ways. First, we applied linear regression 

analysis to the 1954-1989 results to determine the magnitude 

of any slope-dependent error [Stein, 1981]. Next, we ana 

lyzed a 1958 leveling survey in Virginia for evidence of 

slope-dependent error. The same rods were used for the 1958 

Virginia survey and the 1954 Medicine Lake survey, so any 

rod calibration error should be common to both surveys. 

To assess the significance of the apparent correlation 

between tilt and slope, we calculated regression coefficients 

m, Y intercepts b, and correlation coefficients r for the 

equation r = m6 + b, where rand 0 represent tilt and slope, 

respectively, for each section along the leveling circuit. Two 

weighting functions were used: (1) equal weight for all data 

points (hereafter referred to as "unweighted") and (2) I/a2, 
where a is the standard deviation from random leveling error 

20 40 60 B0 100 120 140 

STADIA DISTANCE (KM) 

160 180 200 

■ OBSERVED CASE1 a CASE 2 

Fig. A2. Observed and "corrected" subsidence profiles show 

ing the effect of removing the tilt-slope correlation determined in 

cases I and 2. In each case the linear regression coefficient m was 

used to adjust the observed values to m = 0. 

for each section ("weighted"). The latter approach takes 

account of the fact that tilt is better determined for long 

sections than for short sections. 

Three cases were evaluated in detail. Case 1 included 70 of 

the 81 sections measured in 1989. Twelve benchmarks were 

excluded for the following reasons: (1) their displacements 

were anomalous relative to adjacent marks, and they are 

judged to be unstable (Z502, C499); (2) their displacements 

were large and probably caused by faulting (L500, M500, 

P500, V50I, U501, T501, C500); or (3) they formed unusually 

short sections (Z. s 0.3 km) for which tilt was poorly 

determined (TENNANT, TENNANT AZ). Inclusion of 

these marks in the regression analysis yielded ambiguous 

results (i.e., the unweighted and weighted fits were much 

different), because sections involving these marks were 

conspicuous outliers on plots of tilt versus slope. Such 

outliers strongly influence the least squares fit if data points 

are unweighted. Case 2 included only those sections from 

case 3 that are located off Medicine Lake volcano (i.e., zero 

to 30 km or 110-193 km from H197, measured counterclock 

wise along the leveling circuit; N = 35). Conversely, case 3 

included only those sections from case 1 that are located on 

the volcano (30-110 km from H197; N = 35). Results of the 

regression analysis are given in Figures Al and A2 and Table 

Al, along with the critical values of r for various levels of 

significance a (i.e., ±rc(a)). Two variables are correlated at 

the 1-a confidence level if r £ -re(a) (inverse correlation) or 

r a +rc(o) (direct correlation). 

For case 1, both unweighted and weighted values of r 

indicate that tilt and slope are linearly correlated at the 

>99% confidence level, consistent with the inference drawn 

earlier from inspection of Figure 5. However, when only 

marks located off Medicine Lake volcano are included in the 

regression analysis (case 2), the correlation between tilt and 

slope is either not significant (unweighted) or barely signifi 

cant (weighted) at the 92% confidence level. Conversely, if 

only marks located on the volcano are included (case 3), the 

correlation is significant even at the 99% level (Table Al). 

These results can be verified by closer inspection of Figure 

5: tilt and slope are inversely related on Medicine Lake 

volcano, but not near Stephens Pass, where steep topogra-
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TABLE Al. Linear Regression Statistics 

'Values that are not in parentheses are unweighted. Values that are in parentheses are weighted. 

phy similar to that at the volcano is not reflected in the 

subsidence profile. We conclude that the strong correlation 

between tilt and slope is spatially associated with the vol 

cano, presumably because the subsidence mechanism is 

volcanogenic. A corollary of this interpretation is that cases 

1 and 3 overestimate the importance of slope-dependent 

error, while case 2 may be representative. 

To calculate an upper bound for the magnitude of slope-

dependent error in the Medicine Lake data, we "corrected" 

the 1954-1989 subsidence profile using the regression coef 

ficients determined for cases 1 and 2 (Figure A2). Removal of 

the case 2 regression line reduces the maximum subsidence 

during 1954-1989 by about 13% to 340 mm. The correspond 

ing values are 33%, to 260 mm, if the case I regression line 

is used. The possibility of nonlinear errors cannot be ex 

cluded, but lacking evidence to the contrary, we conclude 

that slope-dependent error accounts for less than one third of 

the 1954-1989 subsidence at Medicine Lake volcano. 

This conclusion is supported by analysis of leveling ob 

servations in 1958 and 1985 along a 40-km traverse from 

Talcott, West Virginia, to Glenlyn, Virginia. First-order, 

class II procedures were followed for both surveys. The 1958 

VERTICAL DISPLACEMENTS AN0 TOPOGRAPHY 
TALCOTT WV TO GLENLYN VA (t 358-1985) 

10 15 20 25 30 
STADIA DISTANCE (KM) 

40 45 
400 

-•- DISPLACEMENT (MM) — ELEVATION (M) 

Fig. A3. Vertical displacements (1958-1985) and topography 

along a 40-km leveling traverse from Talcott, West Virginia, to 

Glenlyn, Virginia. Procedures for first-order, class II leveling were 

followed for both surveys. NGS data were provided by K. Koepsell 

(personal communication, 1990). Stippled area indicates I standard 

deviation in the leveling measurements. At any stadia distance the 

vertical dimension of the stippled area indicates the height of the 

1-sigma error bar at that distance. 

survey used the same pair of rods that was used for the 1954 

survey at Medicine Lake; the 1985 survey used NGS rods 

121176, 132181. 270711, and 277921 (K. Koepsell, personal 

communication, 1990). Assuming that the rods used in 1985 

and 1989 were properly calibrated, any rod scale error 

associated with the rods used in 1954 and 1958 should be 

present in both the 1958-1985 (Virginia) and the 1954-1989 

(Medicine Lake) data sets. 

Vertical displacements and topography are apparently 

correlated in the Virginia data set (Figure A3), but the 

magnitude of the correlation is smaller than for the Medicine 

Lake case and is of opposite sign. In the Virginia case, 

approximately 20 mm of apparent uplift accumulates over 

200 m of vertical relief, suggesting the possibility of a rod 

scale error of about 100 parts per million (ppm). At Medicine 

Lake, 389 mm of subsidence accumulates over 1000 m of 

relief, which would require a rod scale error of almost 400 

ppm in the opposite sense. Clearly, both cases cannot be 

explained by the same rod scale error in the 1954/1958 rods; 

a combination of errors in at least two rod pairs would be 

required. Errors of such magnitude would be unprecedented 

for calibrated USGS or NGS rods. Strange [1980] showed 

that the largest apparent scale difference between any two 

sets of rods used for 64 repeat surveys over 17 profiles in 

southern California with topographic relief ranging from 

about 600 m to 2200 m was less than 160 ppm. Therefore we 

conclude that any rod scale error in the 1954-1989 results is 

small compared to the amount of real subsidence: less than 

33% and probably less than 13%. 
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Duration of eruption at the Giant Crater lava field, 

Medicine Lake volcano, California, based 

on paleomagnetic secular variation 

Duane E. Champion and Julie M. Donnelly-Nolan 

U.S. Geological Survey, Menlo Park, California 

Abstract. Nearly 500 cores were collected from the postglacial Giant Crater lava field 

on the south flank of Medicine Lake volcano. The basaltic lavas form a continuous set 

of lava flows which display strong chemical zonation from initially erupted calc-alkaline 

basaltic andesite to final primitive basalt of tholeiitic affinity. Six chemical-stratigraphic 

groups have been recognized and mapped. The eruptive sequence was sampled at 

numerous sites both to determine the characteristic paleomagnetic direction of each 

chemical group and to estimate the duration of the eruption inferred from secular 

variation of the geomagnetic field. Well-grouped mean directions of magnetization were 

obtained for 41 sites in the Giant Crater lava field. Mean directions of magnetization 

determined for the lava field are nearly identical. The likelihood of any extended time 

interval for the eruption of the different lava types is extremely small, and the data 

suggest an eruptive event of less than 30 years duration, analogous to historic 

Hawaiian eruptions. However, the average of groups 1-4, which cannot be 

distinguished paleomagnetically from each other, is slightly different statistically from 

that of the average of groups 5 and 6, which have similar directions. A time gap of 10 

± 5 years is inferred between eruption of group 4 and 5 lavas based on analysis of the 

probability of the observed angular difference of 1.27° ± 0.84° between their mean 

directions and by comparison of this angular difference to calculated field directions 

with similar declination and inclination determined from spherical harmonic models of 

the geomagnetic field for the time period 1945-1990. About 200 oriented cores were 

also collected from predecessor and successor basaltic lava flows on the upper flanks 

of the volcano. Together with remanent directions from lavas of the Snake River Plain 

the data define a clockwise loop of secular variation. 

Introduction The 4-4 km3 of Giant Crater lavas erupted from numerous 
vents including lava ponds, spatter vents, and pit craters 

The Giant Crater lavas erupted about 10,600 years ago. located wkhin a fcw ^meters of each other at the north 
covering an area of about 200 km2 on the south flank of ^ rf ^ 45.,^., lava fidd Much of ^ bva ^ 
Medicine Lake volcano in the southern Cascade Range ^ d vJa ̂  tubes The Giam Cma ^ mech_ 

(Figure 1) The lava field is compositional* zoned and ou$ to recent historical HawaUan 

consists of basalt and basaltic andesrte. which have been tion* ̂  oi tion of ^ci volcano has 
subdivided into sue chemical-straugraph.c groups [Donnelly. ^ and s Md ̂  d 
Nolan et al., 19911. The most sd.ee calc-alkahne lavas , £ 19g3 
erupted first, followed by less silicic lavas, and finally by .„ ... .,,,.. imn _. . .. _ -.-
... .... . . , , . , .... ~ •. _ [HehkerandWnght, 19911. The lavas there are composition-

primitive high-alumina basalt of tholeuUc affimty. There are l £ ^ £ 
no exceptions to the ordered eruption sequence of the J • ^ ,avj|s 
different composition groups. Additional*, there is no ev,- * ^ « 
dence in outcrop of soils, weathering horizons, unconformi- s • ' 

Ues, or interested.tratjgragiy that suggests significant 

volcano at about the same time [Donnelly-Nolan et al., ^ Whordarson and 
1990]. These include morphologically similar lavas which are r ™" V** ******* *e paleomagnetic data of the Giant 
identified as predecessorTand successors to the Giant Crater Cratcr lava fied as *e» asndato for.thc P'f'ZZZt 

. . . . • , .. .- . j. successor eruptions (Table 1). A geochemical model of the 
eruptions, based on stratigraphic relations, radiocarbon dat- P ^ ' B sitional zonation 

ing, and analysis of paleomagnetic secular variation. Over mechanism was produced by multiple episodes 
200 onented cores were collected and studied from these rf fracJonation ^^Z ̂enishment, and mixing 

vas" [Baker el al., 1991]. Very well grouped site mean directions 
This paper is noi subject to U.S. copyright. Published in 1994 by the of magnetization give us the opportunity to evaluate the time 

American Geophysical Union. span of ̂ jg eruptjve sequence, suggesting that the eruption 

Paper number 94JB00900. responsible for the lavas lasted less than 30 years. Also, we 
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Table 1. (continued) 

Site is alphanumeric identifier from Figures 1 and 2; N/Nq is the number of cores used compared with the number originally taken at the 

site; Exp is the strength of the peak cleaning field; / and D are the remanent inclination and declination; A9i is the 95% confidence limit 

about the mean direction; k is the estimate of the Fisherian precision parameter; R is the length of the resultant vector; and Plat/Plong is 

the location in degrees north and east of the virtual geomagnetic pole (VGP) calculated from the site mean direction. Parentheses around 

site mean directions indicate they were not used in unit or group means. Unit or group means were taken at an average position of 41.5*N 

and 238.3°E, and average VGPs relate to that position; N/No for unit or group means relate to number of site means used compared to sites 

originally taken. 

evaluate the possibility that the eruptions were interrupted 

for a short time, perhaps a decade between group 4 and 5 

lavas. The entire data set. Giant Crater lavas plus the 

predecessor and successor lavas, defines a clockwise loop of 

secular variation. 

Procedures 

A total of 696 cores were collected from 58 flow outcrops 

to obtain site mean directions of remanent magnetization 

reported in Table 1 (Figures 1 and 2). Of this total, 480 cores 

were taken from 41 outcrops in the Giant Crater lava field 

(Figure 2). Typically, 12 cores were taken at each site with a 

portable, water-cooled diamond coring drill and oriented in 

the field using a Sun compass. A pilot specimen from each 

core was progressively demagnetized using alternating field 

(AF) until it was free of secondary components. A vector 

component diagram for a typical sample from a group 6 lava 

flow shows a virtual absence of secondary components and 

that the characteristic magnetization is effectively removed 

by AF demagnetization (Figure 3). Stepwise AF cleaning 

with accompanying line fits was not required by this suite of 

samples, and instead, "blanket" AF cleaning fields could be 

assigned. Peak field strengths required to remove secondary 

components were generally of low value (10-20 mT), with 

some higher field strengths used for samples with large 

secondary components of magnetization, presumably iso 

thermal remanence from lightning strikes. 

Paleomagnetic sampling of uneroded young lava flows 

presents challenges not faced in older rocks. The rubbly flow 

surfaces that commonly mantle the structurally stable inte 

rior of a lava flow must be avoided. In many cases, roadcuts 

provided access to flow interiors. At natural outcrops, effort 

was made to sample volcanic features that represent fluid or 

plastically deformed lava or an inflated pahoehoe flow with a 

horizontal surface. These morphologic features are reliable 

as paleomagnetic recording media. Sampling sites were 

carefully selected to exclude those that might have under 

gone postcooling deflation or tectonic movement. The very 

low overall dispersion in the individual flow mean directions 

of the Giant Crater lavas documents the importance of 

careful site selection and indicates that our sampling goals 

were met. 

Initial results from the Giant Crater lava field indicated 

that a noticeable amount of secular variation was repre 

sented in the data. As subsequent samples were collected 

over a 9-year period, directions obtained from different 

chemical groups showed considerable overlap. By the time 

one third of the paleomagnetic samples had been collected, 

the geologic and geochemical studies revealed a regular 

chemical variation within the lava field allowing it to be 

subdivided into six chemical-stratigraphic groups [Donnelly-

Nolan el at., 1991). Following recognition of these groups, 

paleomagnetic sampling was focused on providing four to six 

spatially separate sites in each group in order to define 

separate and statistically robust mean directions, thus result 

ing in the overall large number of cores. The mean direc 

tional data are used here to estimate the duration of the Giant 

Crater eruptive event. 

Results 

Site-mean directions of remanent magnetization are well 

defined, and associated statistics for each of 58 sites in latest 

Pleistocene lavas associated with the Giant Crater lava field 

are reported in Table 1. Figure 4 is an equal-area plot of the 

mean directions. The circles of 95% confidence about these 

mean directions are not shown in Figure 4, for reasons of 
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Figure 1. Location map shows Giant Crater lava field on 

south flank of Medicine Lake volcano. Also shown are 

predecessor and successor lavas and sample sites. Units are 

designated by symbols: HC, Horse Caves flow; WC, Water 

Caves flow; SV, spatter vents within Double Hole Crater 

flow; RF, basalt of the ribbon flows (connection between 

northern and southern outcrops is covered by younger lava 

flow); GF, spatter east of Grasshopper Flat; GC, Giant 
Crater lava field; TM, tree molds flow; and VS, basalt of 

"vent 5". Sample sites are shown for units RF, GF, and TM; 
all other sites are shown in Figure 2. Topographic contours 

are in feet (1 foot = 0.3048 m). 

clarity, but they range from 0.5° to 4.7° with a median value 

of 1.7°. 

Figure 4 shows that the site mean directions fall into two 

groups. Those sites with west declinations are from either 

the informally named Horse Caves or Water Caves flows, 

and those with easterly declinations are from the Giant 

Crater lava field or from the other predecessor and/or 

successor eruptions. Where overlapping outcrops exist, the 

flows with west declinations always underlie those with east 

declinations. The Horse Caves and Water Caves flows are 

undated but are very similar in appearance to Giant Crater 

lavas of similar chemical composition. Their chemical com 

positions, however, are distinctive, and they display petro-

graphic differences from the Giant Crater lavas. The paleo-

magnetic data separate them in time from the Giant Crater 

lava field because the lavas do not record the same remanent 

direction. Horse Caves and Water Caves lavas display 

complex interfingering at their contact; thus their strati-

graphic positions with respect to each other are undeter 

mined. 

The east declination direction recorded in lavas of the 

Giant Crater lava field and its associated predecessors and 

successors has been dated by the radiocarbon method on 

samples of charcoal from several tree molds, yielding an age 

of about 10,600 years B.P. [Donnelly-Nolan et al., 1990]. 

The large angular distance (~20°) between the east and west 

declination directions suggests that the west declination 

group precedes the Giant Crater lava field by at least several 

hundred years [Champion and Shoemaker, 1977]. The direc 

tion for the Horse Caves and Water Caves lavas compares 

favorably with that obtained from the Bottleneck Lake flows 

of eruptive period F in the Craters of the Moon lava field in 

Idaho [Kuntz et al., 1986a]. These flows have a minimum 

radiocarbon age of 11,000 ± 100 years B.P. on charred soil 

beneath the lava flows [Kuntz et al., 1986b]. Comparisons of 

radiocarbon ages on this form of organic material with 

radiocarbon ages from burned wood or charcoal suggest that 

these soil ages are probably too young. We conclude that 

there is at least a 500-year gap in time between the eruption 

producing the Horse Caves and Water Caves flows and those 

producing the Giant Crater lava field and its immediate 

predecessors and successors. 

The mean directions from sampling sites in the Giant 

Crater lava field group very well (Figure 4). It had already 

been established by Donnelly-Nolan et al. [1990] that the 

Giant Crater lavas are part of an approximately 200-year-

long episode of basaltic volcanism, which vented from 

several locations on the Medicine Lake volcano. The flows 

from this episode constitute the bulk of the volume of lava 

produced in postglacial time. 

In calculating the group mean directions, two of the Giant 

Crater sites were excluded and are shown on Figure 4 by 

small arrows. The mean directions for these two sites were 

displaced relative to other Giant Crater sites, and they 

differed from other sites in their chemical-stratigraphic 

group. These two sampling sites were examined for possible 

sources of directional distortion. The rejected site with the 

steeper inclination value is in a group 6 flow lobe draped over 

the near-vertical wall of a collapsed group 4 lava tube. The 

height of the wall (S m) over which the flow lobe was steeply 

draped may have created a magnetic "edge effect," locally 

distorting the field. We sampled the same flow lobe again at 

a site about 100 m farther north and obtained results com-
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Figure 2. Map showing paleomagnetic sample site locations in Giant Crater lava field and in related lavas 

Oener symbols indicate units as in Figure 1). 
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Figure 3. Vector component diagram of the alternating 

field demagnetization of sample B8431 from a group 6 lava, 

showing the minimal presence of secondary components and 

the smooth, linear descent to the origin. On the basis of such 

sample behavior, characteristic magnetizations were defined 

after low-peak alternating field (10-30 mT) "blanket" clean 
ing. 

parable to the rest of the Giant Crater group 6 sites. The 

other rejected site is in viscous group 1 lava at the base of a 

steep cliff exposure within the Chimney Crater vent. We 

think that this viscous lava underwent postemplacement 

Figure 4. Enlarged part of equal-area projection showing 

mean directions of remanent magnetization on lower hemi 

sphere of sites that are listed in Table 1. Circles of 95% 

confidence about each mean direction have been omitted for 

clarity; this information is listed in Table 1. Symbols are 
keyed to various eruptive units (triangles, Horse Caves flow; 

diamonds, Water Caves flow; circles, other predecessors 

and successors to Giant Crater lava field; crosses, Giant 

Crater lava field, all groups). Arrows point to site mean 
directions excluded from calculations. 

Figure 5. Greatly enlarged part of equal-area diagram 

showing group mean directions and circles of 95% confi 

dence about them, for Giant Crater lava field, (a) Directions 

for chemical-stratigraphic groups, as labeled; (b) composite 

group means (1-4 and 5 and 6) snowing their separation of 

1.27°. Mean directions in late group are shaded. 

movement. While other sites have displacements from group 

mean directions equivalent to the two discussed above, no 

mechanisms for distortion were evident upon reexamination 

in the field, and they were retained. 

Identification of Possible Time Gaps 

As the geologic and geochemical work on the Giant Crater 

lavas progressed, the notion of a multistage petrologic pro 

cess was envisioned [Baker el al., 1991] and the existence of 

possible time gaps was evaluated because significant time 

periods may have been required to generate and mix the 

large volumes of chemically distinct liquids. The mean 

directions from the different Giant Crater sites were thus 

grouped according to each assigned chemical group (Table 1 

and Donnelly-Nolan et al. [1991]). Paleomagnetic sample 

sites in many cases are in the same outcrops that were 

sampled for chemical analysis. Chemical groups 1 and 2 

were combined into a single paleomagnetic group because of 

their limited outcrop areas. Chemical group 4 was subdi 

vided into two paleomagnetic groups because two major 

vents produced separate lava flows of different average 

chemical composition, with the lava from the Giant Crater 

vent always overlying that from Double Hole Crater. 

Mean directions of the six paleomagnetic groups were 
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Table 2. Probability of Difference 

Probabilities of difference between mean remanent magnetic 

directions of groups 1 to 6 of the Giant Crater lava field. Decimal 

probability values given such that zero (0.00) indicates impossibility 

and unity (1.00) represents certainty. A jump in probability values 

suggests a time gap between groups 4-GC and 5. Group 4-GC is 

group 4 lava from Giant Crater; group 4-DH is group 4 lava from 

Double Hole Crater. Cross is used in place of trivial or redundant 

comparisons. 

calculated and are shown in Table 1 and Figure 5. The group 

dispersions are very small, with Fisherian best estimate 

precision parameters ranging from 1526 to 4289; 95% confi 

dence limits on the mean directions are also small, ranging 

from 1.2° to 1.6°. 

The mean directions for group 1-4 lavas are very similar to 

each other, and those for group 5 are similar to group 6. A 

shift to steeper inclination value seems to occur between the 

group means for group 4 and group 5. To statistically 

evaluate this small shift, a series of comparisons between 

group mean directions and their associated statistics was 

performed using the algorithm suggested by McFadden and 

Lowes [1981] (Table 2). This analysis confirms a clear step in 

the probability that the mean directions of group 4 lavas from 

Giant Crater and group 5 lavas have a 90% probability of 

being different. No comparable probability of direction dif 

ference between groups of ascending age was found. There 

is a 58% probability of difference between group 5 and group 

6, and this may also represent a real time difference. No 

gradation exists between these two chemically distinct 

groups, and this fact may also support the existence of a 

second time gap. An alternative is that the chemical distinc 

tion between the two groups simply represents an interface 

that existed in the magma reservoir. The time gap, however, 

could not have been very lengthy because the 23-km-long 

lava tube that was built by group 4 lavas from Giant Crater 

also carried the group 5 and 6 lavas. Much of that tube 

system shows extensive collapse today and observation of 

historic Hawaiian eruptions demonstrates that breakdown of 

near-surface tubes can begin within days or weeks 

[Hatheway, 1971]. The Giant Crater tube system, however, 

does contain several levels so that the deepest level could 

have remained intact for years and still have been available 

to transport the group 5 and 6 lavas after a lull in the 

eruption. 

On the basis of the statistical jump in Table 2 between 

probabilities of difference for group 4 Giant Crater and group 

5 lavas, new mean directions were calculated from the 

original site means for groups 1 to 4 (early, N = 25) and 

groups 5 and 6 (late, N = 14). The early group has a mean 

direction of 57.9° inclination and 19.6° declination (a95 = 

0.6°, k = 2341), and the late group has a mean direction of 

59.2° inclination and 19.8° declination (a9} = 0.9°, k = 1943) 

(Figure 5). The angular distance between the early and late 

groups is 1.27°. Comparison of the site mean directions of 

the early and late groups, using the algorithm of McFadden 

and Lowes [1981], shows them to be distinct at the 98.6% 

confidence level. 

Calculation of new mean directions for the early and late 

lavas using the chemical group mean directions, rather than 

the site mean directions, has the complementary effect of 

removing the dispersions associated with site selection but 

unfortunately leads to an interpretative impasse. The mean 

direction calculated from the early group mean directions 

has a 57.9s inclination and 19.7° declination (N = 4, a9i = 

0.4°, k = 60,495), and from the late group mean directions 

has a 59.2s inclination and 19.4s declination (N = 2, a9i = 

1.8s, k = 18,437). The angular distance between early and 

late mean directions is still 1.28°. Because the a9$ of 1.8s for 

the late lavas is larger than 1.28°, we cannot distinguish 

statistically between the early and late mean directions at the 

95% confidence level. However, if we apply the McFadden 

and Lowes [1981] algorithm, which uses N, R, and kappa 

and not a95, we derive an increase in differencing confi 

dence. Our certainty of difference was 98.6% at the site 

averaging level and improves to 99.0% at the group level. 

The contradiction lies in the small N values for averaging at 

the group level, particularly the N = 2 average, and the fact 

that 095 and kappa are estimates of precision that are 

understood to behave irregularly at values of N £ 3. 

Because of the confidence discrepancy, we conclude that the 

early and late group statistics produced at the site level are 

more robust than those generated at the chemical group 

level. The statistical data suggest that a time gap in the 

eruptive sequence may be real, and it may correspond to a 

petrologic shift from the eruption of dominantly mixed 

magmas to dominantly fractionated magmas [Baker et al., 

1991]. 

Owing to the small shift in direction between the early and 

late groups, the question arises as to whether susceptibility 

anisotropy might explain the directional difference. For 

anisotropy to be an aliasing influence it has to fulfill three 

conditions: (I) the percentage of anisotropy should be sig 

nificant (-10%), (2) the fabric for all samples from a given 

site must be consistent, or the anisotropy would produce 

more dispersion, not a biasing of the site, and (3) the Kmax 

axes in the early lavas need to be subhorizontal, or the Kmn 

axes in the late lavas need to be sub vertical, or both. We 

performed susceptibility anisotropy measurements on both 

early and late lavas, and we conclude from our data that 

none of these conditions are met; susceptibility anisotropy 

cannot explain the 1.27° directional difference. 

Having now separated the Giant Crater lavas into two 

groups based on chemistry, stratigraphy, and identification 

of a small time gap, we can analyze the statistical possibility 

that the early and late Giant Crater lavas arise from signifi 

cantly independent eruptive episodes. Bogue and Coe [1981) 

established an algorithm to calculate the percentage possi 

bility of random secular variation producing flows of like 

remanent direction, assuming only a kappa due to dispersion 

by secular variation. A value of 30 for kappa was taken as a 

general descriptor of secular variation; the Bogue and Coe 

statistic is not particularly sensitive to the choice in the range 

of 20-40 for kappa..We derive only a 5 part in 1000 chance 

that the Giant Crater early and late groups could be so 

similar in remanent direction and yet be independent in time. 

This agrees with the geologic, stratigraphic, and I4C analysis 
already presented by Donnelly-Nolan et al. [1990] which 
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Table 3. Rates of Secular Variation per Decade 

Locations and data for sites having directions of magnetization, in 

the 1990 geomagnetic field, nearly identical to that of the late 

direction (mean of groups 5 and 6; ~ 10,600 years B.P.) from the 

Giant Crater field. Latitude and longitude of the site are to the 

nearest 0.5°; angle from axial dipole gives the angular distance 

between the direction of magnetization presently at each site, and 

the expected axially geocentric dipole direction expected for that 

location; and degrees per decade is the rate of geomagnetic secular 

variation in degrees per decade for each site during the time period 

1945-1992. 

argues strongly for an eruptive episode at about 10,600 years 

B.P. 

Estimated Duration of the Giant Crater 

Eruptive Events 

The recent history of geomagnetic secular variation has 

been used to estimate the time duration indicated by the 

difference in mean direction of the early Giant Crater lavas 

(groups 1-4) and the late lavas (groups 5 and 6). We assume 

that the present magnetic field of Earth is similar in character 

and behavior to that which existed 10,600 years ago. Obser 

vatory records, some longer than a century, document that 

the magnetic field vector at a given location changes con 

stantly. However, the rates of motion of the field vector vary 

greatly at different locations [Vestine et al., 1959]. Any time 

interval estimated from these varying motions will also 

increase or decrease; the faster the rate, the shorter the 

estimated time interval for a given angular distance. Thus the 

choice of location to compare present secular variation with 

our shift in the Giant Crater mean direction is crucial. 

Records at nearly 500 magnetic observatories were 

checked for comparison to Giant Crater directions, but none 

closely matched the shift in directions. Therefore a spherical 

harmonic model of the geomagnetic field was used for 

comparison. The algorithm GEOMAG [Peddie, 1987] pro 

vides secular variation information for any global location. 

The program computes the basic geomagnetic field elements 

for any location on the globe for the years 1945-1992, based 

in large part on the records from geomagnetic observatories. 

When the calculated directions from the model are compared 

to a typical observatory record, differences that average only 

0.5s are found. The secular variation rates also compare very 

closely. 

GEOMAG was used to find locations on Earth where the 

1990 geomagnetic field is closely similar to the mean direc 

tion of groups 5 and 6. Assuming north-south and east-west 

hemispherical geomagnetic symmetry, negative declinations 

and inclinations were also accepted for comparison. Eight 

locations were found that matched well. The search to define 

these locations was refined to the 0.5° level in latitude/ 

longitude position. Residual angular differences between the 

group 5 and 6 direction and the declination/inclination pairs 

found using GEOMAG were very small (0.01-0.12°), for all 

except station 1. At station 1 the mean direction of group 5 

and 6 does not literally exist because the 19.8° declination 

line approaches but does not cross the 59.2° inclination line 

in the 1990 geomagnetic field. Though this left a larger 

angular residual of 1.24°, we elected to retain station 1 for the 

-modeling. Once the eight stations were identified, their 

annual declination/inclination data pairs were calculated for 

each year of the 48-year interval available from the program. 

Then the angular distance the geomagnetic field moved was 

calculated for the 38 running decade time intervals at each 

station. The mean angular decade rates of motion and their 

standard deviations for the eight stations are presented in 

Table 3. Two stations in the 1945 field were calculated 

forward in time, in the same manner (Table 3) and no 

significant difference in secular variation rate was found. 

The rate of angular change for each of the eight stations 

ranges from a low of 0.23° ± 0.08" to a high of 1.83° ± 0.22° 

per decade. However, several of the stations are dissimilar 

to the Giant Crater site in important ways. The Giant Crater 

group 5 and 6 direction is 10.0° from the expected axial 

dipole direction (/ = 60.5°, D = 0.0°) calculated for the 

mean Giant Crater site location. The inclination values of 

any of the chemical-stratigraphic groups are similar to the 

axial dipole value. Thus the deflection of the Giant Crater 

directions from the average axial dipole direction occurs in 

declination rather than inclination. Looking at Table 3, it is 

possible to eliminate stations 3, 5,6, and 7 from comparison 

because they are characterized by large angular deflections 

from their typical site axial dipole direction and they are at 

latitudes for which a 60° inclination is uncommon. 

The stations remaining as choices for comparison are all at 

temperate latitudes (36°S-46.5°N) and have similar angular 

distances (8.8°-11.2°) from their typical axial dipole direc 

tion. This is not surprising, as secular variation produces 

dispersions that vary latitudinally [McElhinny and Merrill, 

1975], and this pattern of dispersions should also be reflected 

in secular variation rate. Therefore secular variation stations 

good for comparison with Giant Crater directions should be 

located at similar latitudes. 

Secular variation is thought to result principally from the 

westward drift of the nondipole part of the geomagnetic field. 

The nondipole field is not uniformly distributed over Earth 

but is clumped into discrete foci. These foci wax and wane in 

intensity while they move, also contributing to secular 

variation. The nondipole field can be characterized as being 

three or four principal foci of positive or negative vertical 

magnetic flux (positive downward), with accompanying hor 

izontal flux directed outward from negative vertical flux foci 

and inward toward positive vertical flux foci. Cox [1975] 

noted that the distribution of vertical flux in the nondipole 

field was nonuniform, with equatorial latitudes having an 

excess of negative vertical (upward) directed flux and tem 

perate latitudes having an excess of positive vertical flux. He 

also conceptually combined westward drift of the nondipole 

field, the horizontal and vertical character of the nondipole 

foci, and the present bias in the latitudinal distribution of the 

nondipole foci to explain the common clockwise looping 

character of secular variation in volcanic and sedimentary 

rocks. 
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Figure 6. Enlarged part of equal-area diagram of paleo-

magnetic directions and circles of 95% confidence used to 

reconstruct the path of secular variation for the Pacific 

Northwest between about 11,000 and 10,000 years B.P. GC 

1-4, GC 5+6, HC, and WC are directions presented in this 

paper for the Giant Crater, Horse Caves, and Water Caves 

lava flows. Directions A (Bottleneck Lake flows; minimum 

age of 11,000 ± 100 years B.P.), B (Heifer Reservoir flows; 

minimum age of 10,670 ± 150 years B.P.). C (Shoshone Ice 

Caves field; minimum age of 10,130 ± 350 years B.P.), and D 

(Pronghorn Reservoir flows; minimum age of 10,240 ± 120 

years B.P.) are data from Kuntz et al. [1986a, b] and 

Champion [1980]. Solid arrow is forward path of secular 

variation through ~ 10,500 years B.P. episode of basaltic 

volcanism at the Medicine Lake Highlands [Donnelly-Nolan 

et al., 1990]. 

By combining the directions of magnetization derived in 

this study with those presented previously [Kuntz et al., 

1986a, b; Champion, 1980], a path of secular variation 

defining a clockwise directional loop possibly caused by drift 

of the nondipole field is indicated (Figure 6). Therefore it is 

possible to understand the essential nature of secular varia 

tion during the Giant Crater eruptions. A clockwise loop 

from somewhat shallower inclinations preceded the erup 

tions there, although overall the loop can be viewed as one to 

steeper inclination values than usual. Whether the loop was 

to steeper or to shallower inclinations is unimportant, the 

sense of secular variation between the early (groups 1-4) and 

late (groups 5 and 6) Giant Crater lavas is of inclination 

steepening at constant declination. However, the records 

from stations 1 and 2 (Table 3) document declination varia 

tion rather than inclination variation. On this basis we 

eliminate stations 1 and 2 from further comparison. 

Using the model described above, the 1.27s shift is in the 

last part of a loop initially toward shallow inclinations, 

caused by an equatorial focus of upward directed flux. The 

shift arose during the time period after the focus passed, the 

inclination returned to normal, and before the declination 

had returned to near zero values. The secular variation from 

GEOMAG model station 4 documents the early stages of the 

passage of an upward directed focus of magnetic flux, 

showing an inclination shift after 20° of westward declination 

have been obtained, and that from model station 8 shows 

similarly the shallowing in inclination values after 21" of 

westerly declination have arisen. Even though both these 

model stations record the beginnings rather than the end of a 

loop to shallow inclinations, we argue based on symmetry 

that their rates of secular variation are most analogous to the 

Giant Crater directional shift. 

The rates of secular variation per decade are nearly 

identical for the remaining model stations 4 and 8, those that 

we identify as the closest analogues in behavior to the Giant 

Crater site. Their rates are 1.36° ± 0.15" and 1.35° ± 

0.167decade, respectively. Using the 1.35°/decade rate and 

its associated standard deviation error limit, we determine a 

9.4 (+1.3/-1.0) year time interval for the time interval 

between the group 1-4 and the group 5 and 6 directions. If 

we are incorrect in specifically matching the ancient and 

present field's secular variation by choosing stations 4 and 8, 

then the average rate of secular variation for all eight stations 

(0.786/decade) would be a more generally applicable figure. 

This translates into a 16.3-year gap between early and late 

eruptions, and still close to our 9.4-year preferred estimate. 

The 1.27s difference between the early and late directions 

was calculated ignoring the error limits on those directions. 

The root mean square error derived from the 0.6s and 0.9s 

095 of the early and late directions is 1.08s, which is reduced 

by the Demarest [1983] factor (0.78) to 0.84s. Using this error 

measure, the angular difference between the early and late 

directions could be as little as 0.43s or as much as 2.1 Is at the 

95% confidence level. Combining the rate of 1.35°/decade, 

the calculated 95% time intervals are 3.2 and 15.6 years, 

respectively, so we characterize the duration indicated by 

the difference between groups 1-4 and groups 5 and 6 as 

about 10 ± 5 years. 

The duration of all the Giant Crater eruptions is difficult to 

estimate, because of the absence of secular variation during 

the emplacement of groups 1-4 and because of such a small 

angular difference between groups 5 and 6. These minimal 

directional variations suggest very high effusion rates. Be 

cause we do not find evidence of directional variation within 

groups 1-4 or between groups 5 and 6, we know those 

eruptions cannot have taken as much as 10 years, the 

duration of the identifiable gap between them. Therefore we 

can limit the duration of all the Giant Crater eruptions to <30 

years and infer that the true figure is close to the time 

estimate of the duration of the time gap between them, 10 ± 

5 years. 

We cannot constrain the total time frame during which the 

Giant Crater chemical variation was created. On the basis of 

the model of Baker et al. [1991] we conclude that our studies 

constrain timing of the generation and eruption of the Group 

5 and Group 6 lavas, which represent half the erupted 

volume and manifest about a third of the chemical variation. 

The Baker et al. [1991, p. 21,840] model states that 

after the group 1-4 eruption, another batch of primitive group 6 

entered the magma chamber. The primitive group 6 mixed with 

underlying ferrobasalt and the unerupted remnants of the last 

mixing event (group 4), and the magma of group 5 was formed. 

Continued input of group 6 below the mixed group 5 inflated the 

magma chamber to a critical value and triggered the eruption of 

groups 5 and 6 (~2.3 km3), equal in volume to the group 1-4 
eruption. 

Group 6 primitive lava [Baker et al., 1991, Figure 12e] also 

mixed with group 3 and ferrobasalt and formed the large 

volume of group 4 lavas (1.3 km3). If we postulate that the 
intrusion of group 6 magma also triggered the beginning of 

the eruption of group 1, 2 and group 3 of the early eruption 
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episode before erupting the newly mixed group 4 lavas, then 

our study may time the generation of 3/4 of the volume of 

erupted lavas, which includes half the total chemical varia 

tion. This time frame spans the generation of all tholeiitic 

lavas in this magmatic system. While this last assumption is 

logical and parsimonious (fewest number of intrusion epi 

sodes), our data cannot prove it. 

Conclusions 

Lava flows are excellent recorders of the direction of the 

magnetic field that existed at the time they erupted. Sampled 

carefully, they can provide very precise mean directions of 

magnetization. Statistical analysis of multiple paleomagnetic 

samples of geologically defined units can give information 

about possible time durations of longer-lived eruptions. 

Secular variation can be measured accurately enough in 

undisturbed lavas that paleo-time spans of eruption can be 

estimated. In the case of the Giant Crater lava field, we have 

shown that 4.4 km3 of compositionally zoned magma was 
erupted in a very brief span of time. A small angular shift 

recorded in the site mean directions from the lava field 

indicates a total duration of <30 years. One possible time 

gap of 10 ± 5 years, between group 4 and 5 lavas is suggested 

by the data. We consider the Giant Crater lava field to 

represent a single eruptive event analogous to long-lived 

Hawaiian eruptions. 
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The Giant Crater Lava Field: 

Geology and Geochemistry of a Compositionally Zoned, High-Alumina Basalt 

to Basaltic Andesite Eruption at Medicine Lake Volcano, California 

Julie M. Donnelly-Nolan,1 Duane E. Champion,1 Timothy L. Grove,2 Michael B. Baker,3 

Joseph E. Tagoart, Jr.,4 and Peggy E. Bruggman1 

The Giant Crater lava field consists of >4 km3 of basaltic lava, compositionally zoned from 
first-erupted calc-alkaline basaltic andesite to last-erupted primitive high-alumina basalt. On the 

FcO'/MgO (where FeO* is total Fe calculated as FeO) versus SiOj discrimination diagram commonly 

used to distinguish tholeiitic from calc-alkaline series lavas the compositionally zoned eruption crosses 

from the tholeiiiic field to the calc-alkaline field. The lavas erupted in a brief span of time about 10,500 

years ago from several closely spaced vents on the south flank of Medicine Lake volcano in the 

southern Cascade Range. Six chemical-straligraphic groups were mapped. Lower K2O. higher MgO 

groups always overlie higher K2O, lower MgO groups. Group 6 lavas erupted last and are aphyric, 

have high contents of MgO and Ni, and contain as little as 0.07% K2O. Group 1 lavas are porphyritic 

and have as much as 1.10% K2O. Major element contents of primitive group 6 Giant Crater basalt are 

very similar to a subset of primitive mid-ocean ridge basalts (MORB). Group 6 lava is more depleted 

in middle and heavy rare earth elements (REE) and Y than is primitive MORB, but it is enriched in 

large ion lithophile elements (LILE). These LILE enrichments may be a result of fluid from the 

subducting slab interacting with the mantle beneath Medicine Lake volcano. The group 6 REE pattern 

is parallel lo the pattern of normal-type MORB, indicating a similar although perhaps more depleted 

mantle source. The location of Medicine Lake volcano in an extensional environment behind the 

volcanic front facilitates the rise of mantle-derived melts. Modification of the primitive group 6 basalt 

to more evolved compositions lakes place in the upper crust by processes involving fractional 

crystallization and assimilation. The group 1 calc-alkaline Giant Crater basaltic andesite produced by 

these processes is similar to other Cascade basaltic andesites, implying that a similar high-alumina 

basalt may be parental. 

Introduction 

The Giant Crater lava field formed by eruptions from 

several closely spaced vents on the south flank of Medicine 

Lake volcano (Figure 1) about 10,500 years ago. The erup 

tion began with calc-alkaline basaltic andesite and ended 

with primitive high-alumina basalt. In this paper we use the 

term "high-alumina basalt" as used by Tilley [1950] to mean 

aphyric high-MgO basalt with a high content of alumina. 

The Giant Crater eruption took place over a brief span of 

time amounting to as much as a decade (D. E. Champion and 

J. M. Donnelly-Nolan, A paleomagnetic study of the Giant 

Crater lava field, submitted to Journal of Geophysical Re 

search, 1991; hereinafter referred to as Champion and Don 

nelly-Nolan, submitted manuscript, 1991) and produced 4.4 

km3 of lava. The lava flows are described and characterized 
here on the basis of geologic mapping and stratigraphy along 

with major and trace element chemical compositions. Six 

chemical-stratigraphic groups have been recognized and 

mapped (Figure 2). Estimates of the original extent of 

now-buried flows have been made, and areas and volumes 

have been calculated. These data are used in a companion 
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paper [Baker el al., this issue] to constrain petrologic models 

developed to explain the chemical variation. 

Medicine Lake volcano is located in the southern part of 

the Cascade volcanic arc, in an extensional environment 

behind the volcanic front, about 50 km ENE of Mount 

Shasta. Primitive high-alumina basalts have erupted 

throughout the lifespan of this large Quaternary shield vol 

cano [Donnelly-Nolan, 1988], although only a few of these 

older flows may be as primitive as the most primitive 

samples from the Giant Crater lava field. In this paper the 

term primitive is used to describe samples with high com 

patible element contents (e.g., MgO, Ni, and Cr). The most 

primitive Giant Crater samples are also thought to be pri 

mary magmas and thus unmodified since separation from 

their source residue after being generated as liquids by 

partial melting in the mantle. 

Anderson [1941] mentioned the Giant Crater lavas briefly 

in his classic study of Medicine Lake Highland. Greeley and 

Baer [1971] reported on the lava tubes in the Giant Crater 

unit, one of which is 23 km long. Baer [1973] included 

mapping and descriptions of the northern half of the lava 

field and its lava tubes. He listed one chemical analysis, as 

did Mertzman [1979]. Studies of compositionally zoned 

basalt flows are relatively uncommon. Some examples in 

clude the currently active Puu Oo eruption in Hawaii that 

began in January 1983 and displayed chemical variability in 

its early phases [Wolfe et al., 1987], the Saudi Arabian 

Madinah eruption of 0.5 km3 of alkali-olivine basalt that 
shows little variability in silica content but considerable 

variation in MgO, K2O. and P:O5 [Camp et at., 1987], and 

the Strawberry Crater flow in the San Francisco volcanic 

field, Arizona [Bloomfield and Arculus, 1989]. Two addi-
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GIANT CRATER 

LAVA FIELD 

Fig- I- Location map showing area covered by Giant Crater 
lava field on south flank of Medicine Lake volcano, northern 
California. Dotted lines are elevation contours at intervals of -305 
m (1000 feet). ; 

tional compositionally zoned basalt to andesite flows at 

Medicine Lake volcano are the Mammoth Crater and Calla-

han units [Donnelly-Nolan and Champion, 1987; Kinder et 

al, 1989]. 

The Giant Crater Lava Field 

and Related Units 

The Giant Crater lavas were known from Baer's [1973] 

descriptions and from examination in the field to be petro-

graphically variable. Major element analyses demonstrated 

the chemical variability of the lavas. In all cases, lower K2O 

lava overlies higher K2O lava even with a group. Six 

chemical groups were recognized, each stratigraphically 

distinct. The distribution of the six groups is shown on 

Figures 2 and 3. Group 1 lavas are the most porphyritic with 

about 5% of phenocrysts of plagioclase and olivine and an 

occasional 1-3 mm quartz grain. Plagioclase crystals are as 

long as 6 cm. Group 2 and 3 lavas contain decreasing 

amounts of phenocrysts and the plagioclase megacrysts are 

typically smaller, usually 1-2 cm across in group 3 lavas. The 

distinctions between groups 1 and 2 and between groups 2 

and 3 are difficult to make in the field. Group 4 lavas, 

however, are distinctive. They are typically massive and 

aphyric with rare plagioclase megacrysts to 1 cm across. 

Group 5 lavas are aphyric but diktytaxitic and can be 

distinguished fairly readily from group 4 lavas but not from 

group 6. All groups include both aa and pahoehoe lavas. 

During the course of mapping, older and younger erup 

tions closely related in space and time to the Giant Crater 

lava field were recognized. These include the older basaltic 

eruptions from vents at Horse Caves and Water Caves, 

several older spatter vents partly buried within the Double 

Hole Crater flow, and a younger basalt flow erupted at "vent 

5". 

Area and Volume Estimates 

Areas of groups 1-6 and basalts of Horse Caves-Water 

Caves and vent 5 are shown in Table I. Small areas were 

measured and totaled using a digitizing tablet and commer 

cially available computer software, allowing for variable 

thickness estimates of different parts of the flows when 

calculating the volumes. Estimated thicknesses range from 5 

to 30 m. Geologic evidence indicates that the southern 25 km 

of the lava field is confined within a graben, with the floor of 

the graben tilted down to the east. Thickness estimates were 

adjusted accordingly. No thickness greater than 30 m was 

used in the calculations although the eastern part of the 

graben and some near-vent locations and parts of the tube 

system may locally have thicknesses of 40 m or more. 

Very few data exist for actual flow thicknesses. At the site 

of sample I464M a skylight in the major lava tube from Giant 

Crater indicates that the bottom of the tube is at least 30 m 

below the surface. Near the eastern edge of the lava field at 

the location of sample 1465M (Figure 2b), a fault scarp 

exposes 15 m of group 6 lava. Massive interior lava is 

present at the base of the exposure with no hint that the 

bottom of the flow is close. The total thickness of Giant 

Crater lava here may be much greater than 15 m if group 5 

lava is also present. Sample I466M was collected from a 

small quarry in group 5 lava. Even though the quarry is 

located at the edge of the flow, the thickness there is at least 
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10 m. In general, near-vent accumulations and some sections 

of major lava tubes were estimated to be 30 m thick. Most 

areas near lava tubes plus ponded areas and flow lobes of 

higher silica contents (groups 1-3) were estimated to average 

20 m thick. Major flow lobes of group 4-6 lava were given 

thicknesses of IS m, while areas near flow edges were 

generally given thicknesses of 10 m, or in some instances 5 m 

where many patches of underlying units are seen. 

Maps used to create the estimates of inferred area in Table 

1 are presented in Figure 3. The maps show the sequence 

and distribution of successive flows. The locations of flow 

lobes in the northern 20 km of the Giant Crater lava field are 

controlled by preexisting topography and the general south 

erly slope of the south flank of Medicine Lake volcano. The 

major lava tube from Giant Crater was clearly a principal 

controlling feature in the distribution of group 4, 5, and 6 

lavas. The present-day outline of the Giant Crater lava field 

is shown for reference on each of the maps of Figure 3. All 

of the units postdate the last glaciation, and no streams are 

present. Thus no noticeable erosion of the flows has oc 

curred other than minor breakdown of the glassy flow rind 

and collapse of thin pahoehoe surfaces. Some lava tube 

collapse has occurred, and flow edges are locally mantled by 

windblown silt, sand, and in places by scattered pumice from 

more recent eruptions. In places, the lavas are covered by a 

thick growth of brush or trees, but the flows are generally 

well preserved and youthful in appearance, commonly with 

little vegetation cover. 

Eruption History of the Giant Crater Lava Field 

Group 1. The eruption began at the uppermost edge of 

the Giant Crater lava field at an elevation of ~ 1792 m (-5880 

feet) where porphyritic group 1 lava erupted at Chimney 

Crater and the nearby spatter rampart that includes Shastine 

Crater (Figure 2). The initial eruption was explosive, pro 

ducing a small volume of mafic tephra that contains plagio-

clase megacrysts up to several centimeters across, cumulate 

inclusions, and partially melted silicic inclusions (see Baker 

et al. [this issue] for chemical analyses of inclusions). The 

explosive activity was followed by extrusion of a viscous 

dome of basaltic andesite lava with a veneer of agglutinated 

cinders. Chimney Crater formed in the center of the dome, 

perhaps by withdrawal of magma and stoping of the walls of 

the vent. Nearby to the north, the Shastine Crater spatter 

rampart forms a N5°E trending rampart of small spatter 

cones whose trend projects south toward Chimney Crater. 

Group 2. Group 2 lava erupted from Chimney Crater and 

formed a lava tube exiting from the west side of the crater. 

One kilometer farther south on the same N5°E trend, the 

large spatter cone of Cousin Cone also erupted group 2 lava. 

The existence of Cousin Cone indicates that the early part of 

the eruption involved some explosive activity. The group 2 

lava flowed about 6.5 km to the SSW via at least two lava 

tubes. During the eruption of group 1 and group 2 lavas we 

assume that Giant Crater, Double Hole Crater, and other 

vents farther to the southwest did not yet exist. If these 

vents did erupt group 1 and 2 lavas, all evidence of these 

eruptions has been buried. 

Group 3. The farthest distance traveled by group 3 lavas 

from the vent at Chimney Crater is about 9 km. They cover 

a large percentage of the area of group 2 lava. The group 3 

lavas were transported by at least two lava tubes from the 

only known vent at Chimney Crater. Their inferred distribu 

tion is drawn to exclude Giant Crater as a vent and provide 

two lobes of group 3 lava such that a SW trending valley lies 

between them in the area SW of Giant Crater. By so doing, 

we can explain the location of the major lava tube that exits 

from Giant Crater and carries group 4, 5, and 6 basalt. The 

tube may have followed the topographic crease between 

northern and southern lobes of group 3 lava. 

Group 4. Group 4 lavas erupted from Giant Crater, 

Double Hole Crater, and adjacent vents after Chimney 

Crater had ceased activity. Giant Crater is located 1.2 km 

S55°W of Chimney Crater. Another possible vent ("vent 3") 

is at a bend in the lava tube from Giant Crater, 1 km further 

SW in the same S55CW direction. The distinction between 

real vents and lava vented from a blocked lava tube can be 

difficult, but the location of vent 3 on the N55°E alignment 

that also includes "vent 4" suggests that it is a vent fed from 

a dike that tapped the magmatic system at depth and not 

from the tube. Double Hole Crater lies 2 km S558E of Giant 

Crater, and two small, mostly buried spatter vents for 

Double Hole lavas lie south of Double Hole Crater. Thus 

both the location and orientation of vents changed between 

the eruption of group 3 and group 4 lavas. However, 

paleomagnetic data (D. E. Champion, unpublished data, 

1990) indicate that the lavas of groups 1-4 have the same 

magnetic direction within analytical error for at least six sites 

within each group, and thus very little time, much less than 

a decade, passed during the eruption of these first four 

groups. Group 4 lavas from Double Hole Crater average 

slightly higher in K2O content and lower in MgO (Figure 4) 

and underlie group 4 lavas from Giant Crater. Figure 4 also 

shows that near-vent and distal Giant Crater group 4 lavas 

differ in K2O and MgO content. Near-vent Giant Crater 

samples are on average more evolved, although less so than 

lavas from Double Hole Crater. The implied sequence is the 

opening of Double Hole Crater and its adjacent vents first, 

followed by eruptions at Giant Crater and construction of the 

major lava tube that leaves Giant Crater. The tube trends 

west and then south for at least 23 km. It carried the distal 

group 4 lavas that lie as far as 41 km south of Giant Crater. 

This is twice is far as Double Hole group 4 lavas traveled 

from their vents, although estimated areas and volumes of 

Giant Crater and Double Hole group 4 lavas are approxi 

mately the same. 

Group 5. Paleomagnetic data (D. E. Champion, unpub 

lished data, 1900) indicate the possibility of a brief time gap, 

perhaps as much as a decade, between eruption of group 4 

and group 5 lavas. Group 5 lavas were distinguished from 

petrographically similar group 6 lavas based on TiOz content 

(Figure 5). Their inferred vent is Giant Crater from which 

they were presumably transported south via the major lava 

tube that was built by group 4 lavas along the west edge of 

the Giant Crater lava field. The lava field's most distal lavas 

are those of group 5, having flowed 45 km from the vent area 

to the lowest elevation in the Giant Crater lava field, —1025 

m (3360 feet). 

Group 6. Group 6 lavas erupted from three vents, but the 

Giant Crater vent erupted more than 90% of the volume. One 

subsidiary vent (vent 4) opened 2.8 km SW of Giant Crater 

on the same N55°E trend as Chimney Crater, Giant Crater, 

and vent 3. This is the lowest vent that is indisputably part of 

the Giant Crater system, at —1615 m (-5300 feet) in eleva 

tion. Another smaller vent 1.2 km S30°E from Giant Crater 
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Fig. 2. Geologic map and sample locations. Giant Crater groups 1-6. Related units including the basalt of Horse 

Caves-Water Caves, spatter vents within Double Hole Crater lava flows, and basalt of vent 5 are also shown, (a) 

Northern half of Giant Crater lava field: (b) southern half of lava field: (<) (inset) enlarged map of vent area. 
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erupted less than 0.001 km3 of lava. Most of the group 6 lava 
was transported through the major lava tube that carried the 

Giant Crater group 4 and 5 lavas. 

Basaltic eruptions that preceded the Giant Crater lava 

field. Several hundred years prior to the Giant Crater 

eruption, basaltic lava erupted out of vents at Horse Caves 

and Water Caves. These flows are stratigraphically older but 

morphologically very similar to Giant Crater flows. They 

possess paleomagnetic directions that are different from 

Giant Crater directions, suggesting an interval of several 

hundred years between these older lavas and Giant Crater 

eruptions (Champion and Donnelly-Nolan, submitted manu 

script, 1991). The Horse Caves-Water Caves lavas are 

massive and fine grained but petrographically distinctive 

with a scattering of about 1% of I-mm olivine phenocrysts. 

Chemically, these older lavas are compositionally variable 

and slightly shifted toward higher MgO contents from Giant 

Crater compositions of similar silica content. None of these 

lavas is as primitive as Giant Crater group 5 and 6 basalts. 

Magma remaining in the crust after these eruptions could 

have been important to the later Giant Crater magmas if it 

acted as a contaminant or supplied heat of crystallization for 

melting of crust that became a contaminant. 

Several basaltic spatter cones occur partially buried within 

the group 4 Double Hole lava flows south of Double Hole 

Crater. Paleomagnetic data (Champion and Donnelly-Nolan, 

submitted manuscript, 1991) suggest that these eruptions 

occurred immediately prior to the eruptions that produced 

Giant Crater groups 1-4. However, the chemical composi 

tion of a sample from one spatter cone falls within the group 

3 field. The paleomagnetic data have a large analytical error, 

so it is possible that rather than being precursors, these vents 

represent sites of eruption of group 3 lavas. If so, the area 

and volume data for group 3 lavas are underestimates, and 

Chimney Crater would not be the only vent for this group. 

The lowest of these potential group 3 spatter vents is at an 

elevation of -1539 m (-5050 feet) and would be the lowest 

vent in the Giant Crater system unless vent 5 is also part of 

the Giant Crater system (see below). 

Basalt of vent 5. This very small basalt flow overlies 

group 6 lava at the upper west edge of the Giant Crater lava 

field (Figure 2a). The northwest trending rampart of spatter 

vents lies on the projection of the N55°E vent trend that 

includes Chimney Crater, Giant Crater, vent 3, and vent 4. 

This porphyritic basalt is similar in chemical composition 

and petrographic features to lavas of group 1. Like group 1, 

it contains melted silicic inclusions and cumulate inclusions. 

Paleomagnetic and radiocarbon data [Donnelly-Nolan et al., 

1990] indicate that the basalt of vent 5 immediately postdates 

the Giant Crater eruptions. Whether this late porphyritic 
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Fig. 3. {a-f) Series of small maps shows the sequence of eruptions that produced the Giant Crater lava field, 

beginning with group I and ending with group 6 lavas. Estimated original extents of each group are shown. Outline of 

lava field is shown for reference. Solid pattern is Group I lavas; patterns for other groups are the same as in Figure 2. 

Group 5 lavas poured out of the lava tube built by group 4 lavas; this same tube was subsequently occupied by group 

6 lava. Similarly, part of the group 3 lavas spread out on the surface from a lava tube built by group 2 lava. 

lava represents a small leak from the edge of the Giant Crater 

magma system or constitutes a new pulse of unrelated 

magma is unknown. 

Implications of Vent Data 

Medicine Lake volcano lies in an east-west extensional 

environment east of the main axis of the Cascade Range. 

Vent trends are typically within 30° of north, as are fault 

trends. A major east-northeast trending highland of volcanic 

vents connects across the main axis of the Cascades from 

Mount Shasta to Medicine Lake volcano and implies a zone 

of crustal weakness between the two volcanoes. The Giant 

Crater eruption took place on the southwest flank of Medi 

cine Lake volcano, several hundreds of years after the 
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TABLE 1. Areas and Volumes of Giant Crater and Related Lavas 

eruptions of half a cubic kilometer of basaltic lava from the 

Horse Caves and Water Caves vents. These earlier vents are 

aligned N25°W, one of the vent alignments of the later Giant 

Crater lavas. Several spatter vents that apparently preceded 

the Giant Crater event by a short time [Donnelly-Nolan el 

al., 1990] and are nearly buried by the Double Hole flows of 

group 4 show vent alignments of N15°W and NI5°E. 

Vent locations are shown on Figure 6, and vent data are 

summarized in Table 2. During the Giant Crater eruptions, 

vent trends changed and elevations of the vents lowered as 

the eruption progressed. Groups 1-3 erupted from vents 

oriented perpendicular to the dominant regional extension 

direction. Vent elevations averaged ~1785 m (~5860 feet). 

These vents closed and several new vents opened during the 

eruption of the group 4 lavas. Group 4 vents have an average 

elevation of ~ 1720 m (-5650 feet), more than 60 m (200 feet) 

lower than the previous set. The earlier, near-N-S vent 

direction was preserved at Double Hole Crater and adjacent 

spatter vents, but Giant Crater and its nearby vent (vent 3) 

opened on a N55°E trend. The direction from Double Hole 

Crater to Giant Crater, the two major events for group 4 

lava, is N25°W. The change to new vents and new vent 

directions was also marked by a pronounced compositional 

gap, but no time gap has been identified between group 3 and 

group 4 lavas (Champion and Donnelly-Nolan, submitted 

manuscript, 1991). 

Paleomagnetic data (Champion and Donnelly-Nolan, sub-

mitted manuscript, 1991) record evidence for a small time 

gap in the eruption sequence following the eruption of group 

4 lavas. No compositional gap exists between group 4 and 

group 5 basalts (Figure 7). Group 5 lavas are presumed to 

have erupted at Giant Crater. Group 6 lavas erupted from 

three vents, Giant Crater and two new vents, with vent 

trends of N55"E and N30°W, at an average elevation of 

- -1685 m (-5530 feet), more than 30 m (100 feet) lower than 

the group 4 vents. The earlier near-N-S vent trend was 

abandoned, perhaps reflecting the importance of the local 

stress field in controlling the eruptive sites, following re 

gional control on the initial dike injection and eruption. The 

N55°E trend that dominated while most of the volume of the 

system erupted may reflect the importance on this western 

flank of the volcano of the northeasterly structure that 

connects across to Mount Shasta. 

The small eruption at vent 5 took place shortly after the 
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Fig. 4. Plot of weight percent K2O versus weight percent MgO 2 

for group 4 lavas. Symbols identify samples from Double Hole Fig. 5. Plot of weight percent K2O versus weight percent TiO2 

Crater, distal Giant Crater samples, and near-vent Giant Crater for the Giant Crater lava field. Group 5 lavas were initially recog-

samples. nized on this plot. 
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Fig. 6. Map showing vent locations for lava flows of the Giant Crater lava field and related lavas mentioned in text. 

Vents for groups 1-6 are shown by dots and labeled by group number. The group 5 label is shown in parentheses 

because Giant Crater is the inferred vent for these lavas. Other vents are indicated as follows: SV for spatter vents 

within Double Hole flows, HC for Horse Caves vent, WC for Water Caves vent, and VS for basalt of vent 5. Dotted 

topographic contours are in feet. 

Giant Crater eruptions ceased [Donnelly-Nolan et at., 1990]. 

It may be coincidental that these new vents are located very 

near the southwestern projection of the N55°E vent trend. 

Their elevation is nearly -150 m (500 feet) lower than the 

average elevation of group 6 lavas, and the spatter rampart is 

oriented N25°W, a repeated trend from the Horse Caves-

Water Caves eruptions to group 4 and group 6. The vent data 

and compositional similarity to group 1 lavas suggest that 

vent 5 lavas may be part of the Giant Crater system, 

representing a small, late peripheral pulse of contaminated 

basalt. 

Donnelly-Nolan et al. [1990] report that eight mafic erup 

tions including the Giant Crater event took place across 

Medicine Lake volcano within a short time interval of a few 

hundred years about 10,500 radiocarbon years ago. Two 

have been described above: the spatter vents nearly buried 

TABLE 2. Vent Trends and Locations, Giant Crater and Related Lavas 

DH is Double Hole; GC is Giant Crater. 
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Fig. 8. Plot of FeO'/MgO versus SiO2 for Giant Crater lavas; 

oxides are in weight percent. Line dividing tholeiitic (TH) from 

calc-alkaline (CA) fields is from Miyashiro [1974]. 

by the Double Hole lava flows, and the basalt of vent 5. Two 

other eruptions occurred on the south flank of the volcano 

just prior to the Giant Crater eruptions and both display N-S 

vent alignments, as do the spatter vents for the Tree Molds 

lava flow on the upper north flank. Farther to the north, the 

basalt of Valentine Cave erupted from spatter vents aligned 

N25°W and the basalt of Devils Homestead from vents 

trending about N25°E. The vents for these eight temporally 

closely spaced eruptions are distributed over an area about 

30 km N-S by 15 km E-W. They indicate to us that a major 

episode of N-S or near N-S dike intrusions of mafic magma 

occurred under Medicine Lake volcano about 10,500 years 

ago. 

Geochemistry of the Compositional 

Zoned Eruption 

This discussion is based on chemical analyses presented in 

Table 3. Analytical methods are described in the appendix. 

Major Element Chemical Variations in the Zoned Eruption 

The Giant Crater lavas display remarkably regular major 

element chemical variations over a silica range from 47.7 to 

53.2 wt % (Figure 7). One distinct gap in SiO2 content is 

present at about 49.7-50.4 wt % (Figures 7 and 8). A 

common way of distinguishing between calc-alkaline and 

tholeiitic lavas is the FeO*/MgO versus SiO2 discrimination 

diagram of Miyashiro [1974]. When the lavas of Giant Crater 

are plotted on this diagram (Figure 8), they show a transition 

from calc-alkaline to tholeiitic. Lavas of groups 1-3 are 

calc-alkaline, whereas groups 4-6 are tholeiitic; the transi 

tion coincides with the gap in SiO2 (Figure 7). The total 

volume of calc-alkaline lavas of the Giant Crater lava field is 

estimated at 0.69 km3, or 16% of the total. Tholeiitic lavas 
make up 3.66 km3, 84% of the total estimated eruptive 
volume. Petrologic modeling by Baker et al. [this issue] 

indicates that group 6 shows the effects of low-pressure 

near-surface fractional crystallization. Groups 1-5 show 

evidence of multiple processes including fractional crystalli 

zation, assimilation, replenishment, and mixing (FARM) 

[Baker et al., this issue]. 

Trace Element Variations 

Trace element contents from Table 3 are plotted against 

K2O in Figure 9. Trace element concentrations in Giant 

Crater lavas vary regularly with K2O, the major element that 

shows the largest variation, an order of magnitude increase 

from group 6 to group 1. Ba displays a strong positive 

correlation with K2O as does Rb, although the shapes of the 

two arrays are slightly different, with Ba increasing faster 

from group 6 to 4 and Rb increasing faster from group 3 to 1. 

Zralso shows a positive correlation with K2O, but the initial 

rapid increase from group 6 to 4 flattens out from group 3 to 

1. Sr contents increase rapidly from group 6 to 4, then 

gradually decline from group 3 to 1. The Y data scatter, but 

group 6 samples show a smaller average value than the other 

groups. Ni values are variable in group 6 samples, probably 

reflecting the effects of olivine fractionation under low-

pressure near-surface conditions [Baker et al., this issue]. Ni 

values then gradually decrease from group 5 to group 1 

samples. The trace element variations shown in Figure 9 are 

consistent with the assimilation-fractional crystallization 

model proposed by Baker et al. [this issue] involving a 

granitic assimilant. 

Primitive Group 6 High-Alumina Basalt: 

A Primary Magma 

The most primitive compositions in the eruption (group 6 

lavas) correspond to one of the types of high-alumina basalt 

that has been described in the literature. Tilley [1950] men 

tioned high-alumina basalt, specifically referring to Powers 

[1932] and Anderson [1941] and their descriptions of basalts 

at Medicine Lake volcano. Kuno [I960] in his classic paper 

cited the aphyric Modoc basalts rich in alumina reported by 

Powers [1932] as examples of high-alumina basalt. Powers 

had described and analyzed samples of the Warner Basalt of 

Russell [1928] from the lower east flank of Medicine Lake 

volcano near Tionesta, a unit that is very similar to Giant 

Crater group 6 basalt. Lavas similar in composition to the 

Warner Basalt have been referred to by several other names. 

Hart et al. [1984] used the term high-alumina olivine tholeiite 

to describe primitive basalt flows of the northwestern Great 

Basin that are similar to mid-ocean ridge and back-arc basin 

basalts. Low-potassium tholeiite is another term that has 

been used to describe primitive high-alumina basalts. In this 

paper we use the original terminology and refer to the 

Warner Basalt at Tionesta and Giant Crater group 6 basalt as 

high-alumina basalt. 

Crawford et al. [1987] and Falloon and Green [1987] 

recognized that experimentally produced anhydrous partial 

melts of mantle peridotite were similar in composition to the 

MgO-rich Warner Basalt. The experimentally produced 10 

kbar partial melts of mantle peridotite [Falloon and Green, 

1987, Table 5] saturated with olivine, orthopyroxene, augite, 

and spinel are similar to the group 6 high-alumina basalt. 

Bart els et al. [1991] have carried out high-pressure melting 

experiments on two group 6 lavas, 79-35g and 82-72f, at 

elevated pressures and anhydrous conditions. 82-72f is the 

more primitive composition and it is multiply saturated with 

olivine, orthopyroxene, augite, spinel, and plagioclase 

within 15°C of its liquidus at 11 kbar. The Mg number of this 

multiply saturated liquid is 0.70. Therefore we view this 



Donnelly-Nolan et al.: Giant Crater Lava Field 21.857 

30 

20 

10 

160 

120 

crj 

go 

N 

■25 > 

15 

• 250 

100 

0.4 0.8 1.2 0 

• 150 

0.8 1.2 

K2O K2O 

Fig. 9. Contents in parts per million of trace elements for Giant Crater lavas plotted versus weight percent K2O. 

TABLE 4. Rare Earth Element Analyses of Selected Samples From the Giant Crater Lava Field 

Sample Group La Ce Nd Sm Eu Gd Dy Er Yb 

Analyses were performed at U.S. Geological Survey. Menio Park, California, by isotope dilution mass spectrometry. All analyses except 

that of 1466M (2) were performed by P. E. Bniggman; 1466M (2) was analyzed by T. D. Bullen. (1). (2), and (3) identify replicate analyses 

of a single sample. (DH) indicates lava from Double Hole Crater. 
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Fig. 10. Spider diagram showing Giant Crater composite group 

1, 4, and 6 compositions and normal-type MORB of Sun and 

McDonough (1989] normalized to mid-ocean ridge basalt (MORB) of 

Pearce [1982]. An Nb value of 0.8 ppm was used for Giant Crater 

group 6 lava (determined by inductively coupled plasma-mass 

spectroscopy at Washington State University, R. Conrey, unpub 

lished data, 1990). See Baker et al. [this issue] for other Giant Crater 

data not presented in this paper. 

•I 

10-

1 — 

0.1 -

0.01 

• Giant Crater 6 

o N-MORB 

o AII78-3 

• DR4-62 

• 4-15 

& 3-14 

CsRbBaTh U Ta K LaCeSr NdSmEuGdDy Y ErYbLu 

Fig. 12. Compositions of Giant Crater group 6 and five primitive 

MORB normalized to chondritic values (Sun and McDonough 

[1989] except K value from Sun [1980]). Data sources: N-MORB 

[Sun and McDonough, 1989]; Giant Crater [Baker el al., this issue]; 

Aim-1 [Bryan etal., 1981 ];DR4-62 [Dossoetal., 1988];4-15 [Davis 

and Clague, 1987]; and 3-14 [Frey et al., 1974]. 

primitive group 6 basalt as a primary magma derived from 

mantle peridotite at a depth corresponding to the crust-

mantle boundary under Medicine Lake volcano. 

Comparisons of Primitive High-Alumina Basalt 

With MORB and IAB 

The primitive group 6 lavas have major and trace element 

characteristics in common with a subset of primitive mid-

ocean ridge basalts (MORB) and primitive island arc basalts 

(IAB). Perfit et al. [1980] have pointed out that primitive 

MORB and IAB with Mg numbers near 0.70 coincide in 

major element chemistry. The range of abundances of TiO2 

(0.4-1.2 wt %) and AI2O3 (15-18 wt %) overlap, as do 

abundances of CaO, FeO, and K2O. A distinctive charac 

teristic of primitive group 6 lavas is their high A12O3 content. 

A few primitive MORB contain A12O3 > 18 wt %. The 

average A12O3 content of the 114 primitive MORB tabulated 

o 1009M (Group 1) 

• 2B206 (Group 4) 

o 1466Mavg (Group S) 

■ 82-72) avg (Group 6) 

o 
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20 -
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■6 
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Fig. II. Chondritc-normalized rare earth element plot using 

data from Table 4. I009M is a group 1 sample, 2B2O6 is a group 4 
sample, 1466M avg is the average of two replicate analyses of a 

single group 5 sample, and 82-72f avg is (he average of three 

replicate analyses of a single group 6 sample. Chondritic values are 
from Hanson (19X0. Table 1, column I]. 

by Elthon [1990] is 16.3 wt %, but three of Elthon's primitive 

MORB contain more than 18 wt % AI2O3. Primitive group 6 

basalts differ from MORB and resemble LAB in their over 

abundances of incompatible LILE relative to REE abun 

dances (Figure 10). The Ba/La ratio of the most primitive 

group 6 lavas is 21, a value that falls at the low end of the 

range for IAB but is significantly greater than the range for 

MORB (2-5). These LILE overabundances are diagnostic of 

subduction zone volcanism and have been attributed to an 

enrichment process in the mantle source by an aqueous 

phase derived from the dehydration of the downgoing slab 

[Kay, 1980; White and Dupri 1986]. LILE enrichments can 

also result from crustal contamination, but the experimental 

evidence for a primary origin of the most primitive Giant 

Crater basalt is permissive evidence that the LILE enrich 

ments were present in the mantle source. 

Rare earth element (REE) data are presented in Table 4. 

The relative abundances of REE in group 6 lava are similar 

to those of MORB showing depletion of light REE relative to 

middle and heavy REE (Figure 11) (La/SmCH = 0.6 and 

La/YbcH = 0.6 where CH indicates chondrite normalization 

to values of Hanson [1980]. IAB from the Lesser Antilles 

range from light REE enriched to depleted. Depleted IAB 

were probably derived from a MORB-like source [Davidson, 

1987]. Primitive group 6 lavas have lower REE abundances 

than primitive MORB. Figure 12 compares the REE of 

primitive group 6 lavas with N-MORB of Sun and McDon 

ough [1989] and five primitive MORB. The group 6 pattern 

parallels the MORB patterns and has lower element abun 

dances for REE than any of the MORB but exhibits enrich 

ments in LILE. The five primitive MORB are thought to be 

near-primary magmas and therefore reflect the oceanic man 

tle source characteristics. The group 6 REE are more 

depleted in the middle and heavy REE and Y than are the 

MORB, suggesting that the source region is slightly more 

depleted or underwent a larger degree of melting. The 

relative enrichments of the normal-type MORB and the 

primitive MORB in REE relative to group 6 could also be 

caused by modification of these MORB by fractional crys 

tallization after separation from their source. Source char-
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Fig. 13. MgO-major oxide variation diagrams in weight percent showing Cascade lavas with less than 54% SiO2. 

Outline indicates field of Medicine Lake lavas other than Giant Crater. Data sources: Southern Washington, Leeman 

el al. [1990] and Hammond and Korosec [1983] (includes lavas from Mount St. Helens area, Indian Heaven field, and 
Mount Adams); Three Sisters area, Hughes and Taylor [ 1986] and Gardner [1989]; Crater Lake, Bruggman el al. [1989]; 

Lassen, Clynne [1984] and M. A. Clynne and L. J. P. Muffler (unpublished data, 1989); Shasta. Baker (1988]; and 

Medicine Lake (other than Giant Crater), J. M. Donnelly-Nolan (unpublished data, 1989). some Giant Crater Cr 

analyses from Baker et al. [this issue]. All analyses were included regardless of phenocryst content of the rocks. 
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Fig. 14. FeO"7MgO-SiO2 plot of Cascade lavas with less than 54% SiO2; oxides in weight percent. Data sources and 

fields are as in Figure 13, dividing line is from Miyashiro [1974]. 

acteristics or processes may be reflected in the positive Eu 

anomalies of primitive, aphyric group 6 lavas (Figure 12 and 

instrumental neutron activation analysis (INAA) data given 

by Baker et al. [this issue]). Johnson and Kinzler [1989] 

found a pronounced negative Eu anomaly in clinopyroxene 

REE patterns for experiments at mantle pressures and 

temperatures using clinopyroxene and basaltic liquid. The 

experiments were done under apparent reducing conditions 

and may imply that such conditions are present together with 

clinopyroxene in mantle peridotite under Medicine Lake 

volcano. 

Depletions in the high field strength elements Zr, Hf, Nb, 

and Ta [Perfit et al., 1980] are a characteristic of IAB. One 

way to define high field strength element depletions is on a 

plot of abundance relative to an average rock. On such a plot 

(Figure 10) the group 6 lava shows depletions in high field 

strength elements and REE relative to average MORB of 

Pearce [1982] and relative to normal-type MORB of Sun and 

McDonough [1989]. Another way of defining high field 

strength element depletions is relative to adjacent elements 

in the plot. In Figure 10 this would show up as a depletion in 

a high field strength element relative to adjacent REE or 

LILE. Group 6 basalts do not show this type of depletion for 

all high field strength elements. The elements Ti and Ta show 

depletions, Zr shows enrichment, and Hf shows no deple 

tion. In Figure 12, the pattern of primitive Giant Crater 

group 6 basalt shows a small enrichment in Ta relative to the 

patterns for primitive MORB. Bacon [1990] also shows 

dichotomous enrichments and depletions in high field 

strength elements in Crater Lake primitive high-alumina 

basalts and basaltic andesites. 

Comparisons of Evolved Giant Crater Lavas 

to Other Andesites 

The most evolved group 1 Giant Crater lavas are similar to 

other basaltic andesites of the Cascade range. Figures 13-15 

compare Cascade and Medicine Lake lavas including Giant 

Crater (the fields outlined on Figures 13-15 indicate the 

range of abundance variations in lavas from Medicine Lake 

volcano). The trend defined by the Giant Crater lava fields 

lies in the center of the field defined by Cascade lavas for 

SiO2, A12O3, FeO*. K2O, and TiO2 on the MgO variation 

diagrams (Figure 13). The trend defined by the Giant Crater 

lava field forms the upper limit on the CaO and the lower 

limit on P2O5 and Na2O variation diagrams. Giant Crater 

lavas also lie in the center of the field defined by Cascade 

lavas on the FeO*/MgO versus SiO2 plot (Figure 14). A 

comparison of Giant Crater lavas to other Cascade lavas for 

selected trace elements shows that the most evolved Giant 

Crater lavas have comparable abundances of Rb, Zr, Ni, and 

Cr on the K2O variation diagrams (Figure 15). The trend 

defined by the Giant Crater lava field defines the lower 

abundance limits for the Cascade lavas on Sr and Ba, 

although other Medicine Lake basaltic lavas substantially 

overlap the compositions of other Cascade lavas. 

Group 1 lavas are similar in chemical characteristics to 

typical calc-alkaline arc basaltic andesites. Gill [1981] clas 

sified Medicine Lake andesites similar to the group 1 lavas as 

medium-K calc-alkaline andesites. In Figure 10 the group 1 

and group 4 lavas have patterns that show typical arc 

signatures. In their REE characteristics the group 1 lavas 

also resemble other medium-K calc-alkaline andesites [Gill, 

1981, pp. 128-132]. The pattern of the group 1 lavas is light 

REE-enriched (La/SmCH = 1.5 and La/YbCH = 1.9) with a 
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Fig. IS. Selected trace element concentrations in parts per million versus KiO content in weight percent for 

Cascade lavas with less than 54% SiO;. Data sources and fields are as in Figure 13. Analyses of Zr and Rb performed 

by instrumental neutron activation analysis are not included on plots. 

relatively flat pattern for the middle and heavy REE (Figure 

11). The light REE-depleted signature of group 6 has been 

modified to create a light REE-enriched signature in the 

group 1 lavas. This change in slope in the REE pattern has 

been brought about by the addition of a granitic crustal melt 

rich in light REE and depleted in heavy REE, as modeled by 

Baker el al. [this issue]. 

Giant Crater group 6 lavas are lowest in Sr and Ba and 

highest in Ni of all Cascade lavas and lowest for their K2O 

content in Zr and Cr. As discussed above, the most primitive 

group 6 lavas are apparently primary magmas produced by 

melting a depleted MORB-like source that has probably been 

enriched in LILE by a slab-derived fluid component. Along 

with the primary high-alumina basalt composition, an MgO-

rich basaltic andesite composition plots at the primitive end 

of the MgO variation diagrams (Figure 13). These high MgO 

basaltic andesites are higher in SiO2 (50-52 wt %) and lower 

in A12O3 (15-16 wt %); they also have high Ni and Cr (Figure 

15). High MgO basaltic andesites are found at Mount Shasta 

[Baker, 1988], Lassen [Fountain, 1979], and Crater Lake 

[Bacon, 1990], and these lavas are considered to be parental 

to derivative basaltic andesite and andesite lavas at these 

volcanic centers. Unlike the group 6 Giant Crater high-

alumina basalts, the high MgO basaltic andesites are not 

multiply saturated with olivine, orthopyroxene, augite, and 

an aluminous phase at anhydrous or fluid undersaturated 

conditions and upper mantle pressures [Baker and Grove, 

1990]. Therefore other processes have modified these basal-
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tic andesites after separation from their mantle source re 

gion. 

The similarity of evolved Giant Crater lavas to basaltic 

andesites found at other Cascade volcanoes indicates that a 

primitive magma compositionally similar to Giant Crater 

group 6 basalt could be parental to other Cascade basaltic 

andesites. Waters [1962] pointed out the close association of 

high-alumina basalt with the andesitic volcanoes of the 

Cascades and argued that the andesites were derived from 

the high-alumina basalt by some process of fractionation or 

contamination. Relatively primitive high-alumina basalts are 

found in the Cascades from southern Washington [Goff, 

1977] to the Crater Lake area in southern Oregon [Bacon, 

1990]. They are also present in the Lassen area south of 

Medicine Lake [Anderson, 1940]. The abundance and wide 

spread distribution of high-alumina basalt in the Cascades 

combined with the evidence from Giant Crater linking prim 

itive high-alumina basalt and basaltic andesite adds strength 

to the proposal that high-alumina basalt may be parental to 

evolved compositions at other Cascade volcanoes. Primitive 

high-alumina basalt like the group 6 Giant Crater lavas is an 

important composition, representing a mantle-derived input 

to the Cascade volcanic arc. 

Conclusions 

Mapping and chemical characterization of the lavas of the 

Giant Crater field have provided a detailed picture of the 

geology and geochemistry of a 4.4-km3 chemically zoned 

eruptive sequence. The eruptive event began with the most 

evolved lava composition, a basaltic andesite, and ended 

with primitive high-alumina basalt. This eruption establishes 

a direct genetic link between the primitive high-alumina 

basalt magmas found in the Cascade arc and more evolved 

basaltic andesite lavas that often constitute the most primi 

tive compositions found at a volcanic center. 

Appendix: Analytical Methods 

and Sample Collection 

All samples were analyzed for major elements by X ray 

fluorescence, three quarters at the U.S. Geological Survey 

(USGS) laboratory in Lake wood, Colorado [Taggart et al., 

1987], and one quarter in the laboratory of M. Rhodes, 

University of Massachusetts, Amherst. The data are pre 

sented in Table 3. All the data presented have been recalcu 

lated to 100%, volatile free, assuming total iron as FeO and 

indicated as FeO*. Plots are made from the recalculated 

data. Original totals and loss on ignition (LOI) at 900°C are 

presented for the USGS analyses; LOI was not determined 

for the University of Massachusetts samples. USGS samples 

were ground in alumina, University of Massachusetts sam 

ples in agate. 

Separate splits of all sample powders analyzed for major 

elements were analyzed for Rb, Sr, Y, Zr, Nb, Ba, Cu, Zn, 

and Ni (and some of the later samples for Cr). The Nb, Cu, 

and Zn data are not included in Table 3 because they lack 

precision at these very low concentrations. Measured Nb 

values for group 1 samples vary from 3 to 7 ppm; for group 

6 from 0 to 5 ppm; Cu, from 71 to 105 (group 1) and from 84 

to 175 (group 6); Zn, from 43 to 64 (group 1) and from 30 to 

58 (group 6). All trace element data listed in Table 3 were 

obtained by energy-dispersive X ray fluorescence analysis 

(Kevex) at the USGS analytical chemistry laboratory in 

Menlo Park, California. 

Samples were collected from available outcrops, usually 

from the most solid material available just below vesicular 

flow surfaces, and in most cases were chipped on the 

outcrop to centimeter-size pieces to avoid contamination. A 

few samples were collected from flow interiors exposed in 

roadcuts, tube walls, vents, fault scarps, or quarries. LOI in 

USGS analyses is less than 0.01 wt % in more than half the 

samples and less than 1.0 wt % in all samples but one, 

indicating minimal secondary contamination. The one sam 

ple with LOI > 1% was originally collected for paleomag-

netic analysis. 
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APPENDIX 1 - 3A 

Ar Dating of Young Low-K Tholeiites: Examples from Northeast California, U.S.A. 

Becker, T.A., Sharp, W.D., Renne, P.R., Turrin, B.D., Page, W.D., Wakabayashi, J. 

40Ar/39At Dating of Quaternary Basalt, Western Modoc Plateau, Northeastern California: 

Implications to Tectonics 

Page, W.D., Renne, P.R. 



ZflLanphere, M.A., Dalrymple, G.B., and Turrin, B.D., 1994, Abstracts of the 

Eighth International Conference on Geochronology, Cosmochronology, and Isotope 

Geology 

Berkeley, California, June 5-11, 1994): U.S. Geological Curcular 1107 

^ar/mar dating of young low-k tholhttes: 
examples from northeast california, u.s.a. 

BECKER. T A SHARP, W.D., RENNE. PJl.. Institute 

of Human Origins Geochronology Center, 2453 Ridge 

Road. Berkeley. CA, 94709. U.S .A., 

TURRIN. B.D. .U.S. Geological Survey. MS 901.345 

Middlefield Road. Menlo Park. CA. 94025. U.S.A.. 

PAGE, W.D. Pacific Gas and Electric Co.. Geosciences 

Dcpt. P.O. Box 770000. San Francisco, CA. 94177, and 

WAKABAYASHI. J. .Consultant, 1329 Sheridan Lane, 

Hayward. CA. 94544. U.S .A. 

Young low-K (Ca/K - 23-40) basalts pose challenges to K-

Ar and ̂ Ar/^Ar dating because of their low radiogenic Ar 
coments and resulting sensitivity to corrections for blanks, mass 

discrimination, nucleogenic Ar isotopes and trapped Ar of 

anomalous isotopic composition. 

We have developed an automated resistance furnace, 

employing an infra-red pyrometer, that provides reproducible 

blanks of <10*16 mol for m/e = 40 at 1200 °C. Heating time 
and residence time in the extraction system for gas purification 

are adjusted for minimizing blank coniibution and optimizing 

isotope intensity measurement Full automation of the furnace, 

along with the extraction line and air pipette, allows unattended 

operation and makes frequent characterization of procedural 

blanks and spectrometer discrimination feasible. 

Our M.AJ*. 215-5OC mass spectrometer is configured for a 

resolution of 450. making ̂ Ar/^Ar ratios of 100 or more 
acceptable. This allows neutron fluences to be reduced, and in 

conjunction with thermal neutron shielding and detailed 

characterization of production ratios, minimizes the effects of 

nucleogenic Ar isotopes. 

Incremental healing produces intermediate-temperature steps 

with enhanced radiogenic Ar contents and provides data for 
iwchron analysis, revealing subtle anomalous trapped Ar 

(*°Ar^*Ar in the range of 297-305) in many samples. Samples 
may yield sensu ttriao plateaux, but have well-defined isochron 

ages that are significantly younger. Two samples, potentially 

from different flows, yield distinct plateau ages of 493 ± 22 and 

423 * 7 ka. but give indistinguishable isochron ages of 409 ± 

18 and 415 i 3 ka. with initial ^Ar/^Ar of 304.6 i 1J and 
3012 ± 0.9. respectively. Another flow yielded well-defined 
plateau ages or 1113 ± 81.921 ± 51. and 907 ± 51 ka from 

three closely-spaced samples, whereas isochron ages of 889 i 

136.834 ± 51. and 879 ± 40. and initial ^Ar/^Ar of 297.8 ± 
1.4,297.8 ± 1.0 and 2963 ± 0.9. respectively, were obtained. 

Basalts with lower Ca/K (<15) are much less sensitive to 

slight departures in the trapped Ar from atmospheric air ratio. 

One such flow yields a plateau age of 68 ± 18 ka and an 

indistinguishable isochron age of 50 ± 16 ka with initial 
<0Ar/»6Ar of 296.8 ±1.0. 

These results indicate that detailed *°ArP9Ai incremental 
heating analyses are needed for precise and accurate dating of Late 
Pleistocene low-K basalts. 

DATING OF QUATERNARY BASALT, 

WESTERN MODOC PLATEAU, NORTHEASTERN 
CALIFORNIA: IMPLICATIONS TO TECTONICS 

PAfiE. W P., Geosciences Department, F22A. Pacific Gas 

and Electric Company. P. O. Box 770000. San Francisco. 

CA 94177 and RENNE, P. R.. Institute of Human Origins 

Geochronology Center. 2453 Ridge Road. Berkeley, CA 

94709. 

The Modoc Plateau has had low seismic activity, yet many 

faults have displaced the extensive Quaternary *Wamer 
basalts* in this region. In order to help assess the seismic 

hazards and risks to PG&E's facilities in the region north and 

northwest of Ml Lassen. we dated 15 samples from 10 flows 

by the 40Ar-39Ar. step-heating method. Dating of the rocks 
proved critical to understanding the tectonics and timing of 

faulting in the region Discussion of the Ar-Ar results and 

tectonic implications for the area south of Ml Lassen tre 

presented in companion abstracts by Becker el al. and by 

Wakabayashi et al. 

Basalts in the Modoc Plateau were mostly contained from 

spilling to the west and south by the Klamath Mountains and 

Sierra Nevada as they built up the plateau. The oldest dated 

basalt (lows (- 2.4 Ma) are small remnants that have been 

locally weathered to saprolite and are plastered on north flank 

of the Sierra Nevada. Geomorphic analysis suggests that the 

older flows may have locally spilled over the divide north of 
Ml Lassen. The interconnected, north-striking McAnhur, Hit 

Creek, and Almanor graben now separate the western Modoc 

Plateau from the mountains to the west and have been a major 

geomorphic feature for more than a million years. 

The west-facing Hat Creek fault zone on the east side of 

the Hat Creek graben north of the Pit River (Soldier Creek 

fault) displaces the 1.2 Ma basalt on top of the scarp > 260 m, 

giving a long-term vertical separation rate of > 0.22 mm/yr. 

South of the Pit River the Hat Creek fault zone displaces the 

flow (1.0 Ma) on top of the scarp > 390 m (> 038 mm/yr). Al 

the same locality the eastern two faults in the zone displaces 

ihe basalt flow west of Hogback Ridge (850 ka) > 85 ra 

(> 0.10 mm/yr). These rates are less than the 13 mm/yr (post 

15 ka) presented by Muffler et al. (1993 manuscript) for the 

Hat Creek fault in the near Lost Creek to the south. The Sam 

Wolfin Spring (800 ka). Rocky Ledge (?) (150 ka) and other 

flows younger than 1 Ma were deposited within the Hat Creek 

graben. Extensive diatomile lake beds in ihe graben underlie 

the Wolfin Spring flow and hence appear to have been 

deposited between about 1 Ma and 800 ka. 

The Yellow Jacket (?) (840 ka) and the Tuft Creek flows 

(ISO ka) are northwest of Indian Spring Mountain on Ihe 

northeast side of the McAnhur graben. The Mayfield fault 

displaces the Tuft Creek flow 12 m. down west (0.09 mm/yr). 

The entire west-facing Mayfield fault zone displaces it about 

64 m (0.5 mm/yr). The Fall River Mills basalt (- ka) and 
other younger flows partly fill the McAnhur graben. 

Northwest of Ml. Lassen the northeast-striking Battle 

Creek fault vertically displaces hypcrsthene andesite of 
Brokeoff Mountain flow (550 ka) about 43 m. down south 

(0.078 mm/yr). The scarp is overlain by the Black Suite basalt 

(-60 ka) that does not appear to be faulted. 

The results of this study strongly indicate that Ar-Ar 

dating of basalts as young as late Quaternary can provide 

significant constraints to neotectonic processes. 
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Table 1- Evaluation of faults in the Mayfield, Soldier Mountain, Soldier Creek, and Rodney 

Ledge fault zones along the PGT pipeline trench, Modoc Plateau, California. 

Page, W.D. 

Table 2- Dated Basalt flows in the Modoc Plateau Near Burney, California. 
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TABLE 1 

EVALUATION OF FAULTS IN THE MAYFIELD, SOLDIER MOUNTAIN, 

SOLDIER CREEK, AND ROCKY LEDGE FAULT ZONES 

ALONG PACIFIC GAS TRANSMISSION 401 PIPELINE, 

MODOC PLATEAU, CALIFORNIA 









Notes: 

1. Mileposts are measured south from the Oregon border near Tule Lake. 

2. The names of the faults are those generally those used by the California Division of Mines and Geology. 

Individual faults within a wider fault zone and new faults identified in this evaluation have been given names from 

local geographic features. 

3. The potential vertical displacement at the crossing is estimated from two factors: the maximum displacement that 

has generally occurred in late Pleistocene and Holocene on faults in the Modoc Plateau and evidence of displacement 

from the pipeline trench. The amount varies by fault and by the location of the crossing with respect to the ends or 

central part of the fault. 



TABLE 2 

DATED BASALT FLOWS IN THE 

MODOC PLATEAU NEAR BURNEY, CALIFORNIA 





Origin and features of Mayfield Ice Cave, Siskiyou County, California 

By Janet M. Sowers and Gary D. Simpson 

William Lettis & Associates, Inc. 

1777 Botelho Drive, Suite 262 

Walnut Creek, CA 94596 

ABSTRACT 

Mayfield Ice Cave is a small fissure cave formed in basalt along the Mayfield fault near the 

base of the western flank of Indian Spring Mountain in Siskiyou County, California. The 

cave is approximately 125 feet long, 10 to 20 feet wide, 30 feet deep, and is oriented N 45° 

E. The cave is formed in basalt of the Giant Crater Flow of the Medicine Lake volcano, 

along a fissure at the base of the scarp of the Mayfield Fault. The cave passage appears to 

have developed in the plane of the fault and may owe its existence, at least in part, to 

movement on the fault. The Mayfield Fault is of Holocene age, and offsets lavas dated at 

10,600 years (Donnelly-Nolan and others, 1990). We surveyed and inventoried this cave to 

assess the potential impact on the cave of Pacific Gas & Electric Company's proposed PGT 

pipeline that passes a few hundred feet from the cave entrance. 

Mayfield Ice Cave was named in 1873 by J. H. Mayfield. Both he (in 1887) and later Julia 

Glover (in 1892), made attempts to develop the cave for tourists. Ice deposits are a 

significant feature of the cave. Some ice features, such as icicles, frost, and ice draperies may 

be seasonal. Others, such as ice pools, are probably permanent features of the cave. The ice 

is an important resource both as a source of water for wildlife, and as a curiosity for visitors. 

In the past it may have been used as a source of water for native peoples. The cave contains 

a compacted deposit, 4 to 7 feet thick, of charcoal, sticks, and stones, which may indicate 

prehistoric human use of the cave. It also contains a loose pile of larger sticks, stones, and 

charcoal and a wooden ladder, which indicate historic use. 

I. INTRODUCTION 

A. Purpose and scope of the investigation 

Mayfield Ice Cave is located in a lava plain a few hundred feet west of a Pacific Gas & 

Electric Company (PG&E) natural gas supply pipeline, constructed in 1993. This study was 

undertaken in 1991 at the request of PG&E to 1) determine the exact position of the cave 

relative to the proposed pipeline, 2) identify and characterize the features of the cave, 3) 

assess the impact of pipeline construction on the cave, and, 4) if necessary, make 

recommendations for mitigation of impacts resulting from construction or operation of the 

pipeline. 

M 



Our investigation, conducted in May, 1991, included a brief review of existing information, a 

compass and tape survey from the pipeline to the cave and through the major passages of the 

cave, and an inventory of geologic, biologic, cultural, and hydrologic features of the cave. 

This article is a summary of the origin and features of the cave revealed in the course of our 

investigation. 

B. Setting 

Mayfield Ice Cave is located in Siskiyou County, California on the south flank of the 

Medicine Lake Volcano, at the base of Indian Spring Mountain, in the NE 1/4 of Sec 7, T 40 

N, R 4 E (Figure 1). The cave is formed in a fissure in a rugged basalt plain of the Giant 

Crater flow, within the Ponderosa pine woodland of the Modoc National Forest. Other 

similar deep fissure caves are found in the immediate vicinity, though Mayfield Ice Cave is 

the largest. In addition, hundreds of lava tube caves are found within the Giant Crater Flow 

and other basaltic flows of the Medicine Lake volcano. Lava tube caves are the remnants of 

conduits that carried flowing lava during the eruption. Mayfield Ice Cave does not share this 

origin. 

Mayfield Ice Cave was named in 1873 by J. H. Mayfield who found the cave while searching 

for one of his cattle. Both he (in 1887) and later Julia Glover (in 1892), made attempts to 

develop the cave for tourists. Both had planned to build a hotel, but apparently neither plan 

was carried out. Mr. Mayfield built the Mayfield Road in part to provide access to the cave. 

Glover had a homestead at Julia Glover Flat. A rough hewn wooden ladder is present in the 

cave and may date from that period. (McCloud River Pioneer, 1889-1893, and Mt Shasta 

Herald, 1887). 

C. Methods 

We conducted a three-dimensional survey of the location and dimensions of the cave relative 

to mile marker 50-34 of PG&E's existing pipeline 400 (Fig 2). We used a 100-foot 

fiberglass tape, a Suunto compass, and a Suunto clinometer. At each station we measured the 

distance from the previous station, the bearing from the previous station, reading both a 

backsight and a foresight, and inclination from the previous station, both backsight and 

foresight. In addition, inside the cave we measured passage dimensions and constructed cross 

sections at most stations. We plotted the line transect and drew in the cave walls and major 

features as we progressed through the cave. Final drafted maps and profiles are shown in 

Figures 2, 3, and 4. 

Due to problems with the magnetism of the basalt, our backsight and foresight azimuth 

readings for the above ground portion of the traverse were difficult to match. Taking into 

account the error determined from maximum and minimum azimuth readings, location of the 

cave could be off by as much as 8 feet with respect to the pipeline. However, we had little 

problem inside the cave with basalt magnetism, so the survey within the cave is probably 

accurate to within 1 foot. Loop closure through the cave itself (Stations 5 through 14) shows 



error of 0.1, 0.4, and 0.1 feet in the x, y, and z directions respectively. 

To inventory the features of the cave, we used a cave inventory form developed by the first 

author for evaluation of caves at Lava Beds National Monument. Topics included in the 

inventory are location, extent, biology, hydrology, geology, cultural resources, paleontology, 

and visitors. 

n. ORIGIN AND FEATURES 

A. Physical and geologic features 

May field Ice Cave is approximately 125 feet long, 10 to 20 feet wide, and 30 feet deep 

(Figures 3 and 4), and is oriented in a plane that strikes N 45° W and dips 40-90° to the SE. 

The cave has three entrances, located along the base of a 20-foot-high, northeast-trending 

escarpment. The easiest way to enter the cave is through the South Entrance. The Central 

and North Entrances are steeper and more difficult to traverse. We found that no passages 

extend beneath the PG&E gas pipeline corridor (Figure 2); all passages lie 200 to 300 feet 

from the pipeline. 

The interior of the cave is basalt, generally devoid of lava formations or secondary 

mineralization. The NW wall of the cave is primarily a slope of breakdown blocks, and the 

SE wall is primarily in-place rock. The entire floor of the cave is covered with breakdown. 

The opening of the fissure may also have exposed a small portion of a lava tube. The 

southeast wall of the cave at station 7 resembles the wall of an intact lava tube (see station 7 

cross section on Figure 4). 

B. Biologic, Hydrologic, and Cultural features 

The cave is set within the Ponderosa pine, Juniper, and Mountain mahogany woodland. At 

the entrance to the cave, primitive plants characteristic of moderately high moisture 

conditions, such as mosses and ferns, are found. Almost all the cave is located in the twilight 

zone. Total darkness is found only in the extreme lower levels at the northeast end of the 

cave. 

Evidence was seen for only one type of vertebrate, the pack rat (Neotoma), in the cave. This 

evidence consisted of small amounts of scat on tops of boulders, and an accumulation of 

organics similar to that typically found beneath pack rat nests located on the slope in the far 

northeastern chamber. This organic material was coated with about 1 cm of clear ice, so 

could not be examined closely. We speculate that the nest itself may be located on a ledge in 

the ceiling. No evidence for use of the cave by bats was seen. 

The cave is likely to be important to other wildlife on a seasonal basis. There are few water 

sources such as streams or lakes in the area, thus, the cave is probably an important source of 



water during the summer months. We speculate that the present cover of ice in the cave may 

be obscuring evidence of summertime animal use. We surveyed the cave in May when much 

of the winter ice was still present. 

We did not conduct an invertebrate survey, however, invertebrate populations are likely to be 

significant in this cave. The abundant moisture and organic material in this cave would 

provide an excellent habitat for invertebrates. 

The cave contains significant ice deposits, some of which persist in the cave all year. Only a 

relatively small percentage of the numerous caves in the area contain permanent ice. Cold air 

is trapped in the cave in the winter and, because the cave is fairly deep and has little air 

circulation, this cold air is not replaced by warm air in the summer. Thus, water from rain or 

snow which enters the cave encounters the cold air and freezes. Ice then accumulates on the 

walls and in pools on the floor of the cave. 

Two major pools of ice were noted, totalling about 50 square feet in areal extent. These 

pools probably persist all year, though they may partially melt in the summer. In addition, 

the cave contained many icicles, coatings of ice on the floor and slopes, ice draperies, and ice 

stalagmites. Many of these formations were melting and falling off the walls during our visit, 

especially in the higher parts of the cave. We expect that these formations are seasonal, 

except perhaps those in the far northeastern room, which is deeper and has more limited air 

circulation. We surveyed the cave in May when the ice would be expected to be past its 

winter maximum. 

A thick charcoal deposit may be prehistoric in age and culturally significant. This deposit is 

located in the southwest part of the cave (at Station 8) and is 4 to 7 feet thick (Figure 4). It 

consists of compacted fine and coarse charcoal, charred logs and sticks, and stones. The top 

of the deposit is covered with a thin layer of ice, but the side of the deposit is eroding and 

cascades down the chute into the lower room beyond Station 9. We speculate that this 

deposit may represent an accumulation of coals and heated rocks which native peoples placed 

on the ice to melt it for water. Lack of soot on the ceiling of the cave suggests that the 

charcoal did not come from fires built inside the cave. 

Because there are few surface streams or springs in this region, the cave may indeed have 

been an important water source. However, if people did obtain water from this part of the 

cave, this passage must have contained more ice then than it does today. Today the ice in the 

southwestern part of the cave consists of thin coatings on the floor and icicles, all of which 

appear to be seasonal. We were informed by Jim Wolff of the US Forest Service in McCloud 

that an archaeological site record exists for a surface site near the cave. This surface site may 

be related to prehistoric use of the cave. 

A second deposit, immediately NE of Station 9, may be historic or modern in age. It is a 

loose pile of charred sticks, logs, stones, and chunks of charcoal. Historical or modern age is 

indicated by its loose character and by the presence of a charred piece of cut lumber. 

4 



No paleontologic deposits were noted. However, we cannot rule out the possibility that such 

deposits exists beneath the ice. Given the age of the basalt, any such deposits would be no 

older than 10,600 years. 

Mayfield Ice Cave is well known locally and easy to find. It is shown on U. S. Geological 

Survey topographic maps, and a sign and a trail lead to the cave entrance. Ice formations in 

the winter and cool temperatures in the summer combine to attract visitors. In addition, 

traversing the cave passages is a fun, adventurous experience for many visitors. Visitors must 

climb, crawl, and negotiate slippery, or uneven floors in the semi-darkness. 

Evidence of use includes trash (soda and beer cans) and yellow spray paint at the North 

Entrance. Ice covering the floor and walls may have obscured further evidence of use. 

Regardless, the cave is not heavily vandalized. No signatures or graffiti were noted inside the 

cave. 

C. Geologic Origin 

Mayfield Ice Cave is atypical of caves formed in basalt. It is not a lava tube, or former 

conduit for lava. Rather it formed from the opening of a fissure in the ground. The west 

side of the fissure is downdropped approximately 20 feet, and the edge of the east side block 

appears tilted westward along a small fissure above the cave, forming the roof of the cave 

(Figure 3). 

The fissure has two possible origins. First, the fissure may have formed from the drainage of 

hot lava from beneath an already cooled basalt crust, causing collapse and large extensional 

fissures to open up in the crust. Such extensional cracks are common in basaltic flows. 

However, this mechanism alone does not account for the coincidence of the cave passage 

geometry with the Mayfield fault. 

Second, and more plausibly, the fissure may have formed from movement on the Mayfield 

Fault. The Mayfield Fault is mapped by Donnelly-Nolan (shown on CDMG preliminary 

special studies zone maps maps, 1990) at the base of the escarpment at the cave entrance. 

The fault is a striking feature on aerial photos and is significantly more prominent and 

continuous than extensional cracks seen elsewhere in the flow. The fault escarpment runs 

NW-SE, parallel to the cave passage, and the cave passages appear to lie in the plane of the 

fault. 

The cave fissure may also have formed from a combination of cracking and faulting. 

Cracking that formed during lava drainage and collapse could have been enlarged and 

modified by movement on the Mayfield Fault. Presence of a pre-existing extensional crack 

could help explain the presence of fissure caves here and not elsewhere along the fault. 



IV. SUMMARY 

Our findings can be summarized as follows: 

1) Mayfield Ice Cave is an excellent example of a fissure cave formed along an active fault. 

2) The cave contains permanent ice, a relatively unusual occurrence in caves in the area, and 

probable important water source for animals and, in the past, for people as well. 

3) The cave contains a charcoal deposit that may indicate prehistoric and/or historic human 

use. 

4) The cave is of local historical interest and is a recreational site for cavers and the local 

population. 
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Evaluation of Risk from Surface Fault Rupture to a Penstock Using the 

40Ar/39Ar Dating Technique 

Jeff Bachhuber, William D. Page, and Paul R. Renne 

Introduction 

The 40Ar/39Ar dating method was applied to assess the risk from fault rupture on the Hat 

Creek fault to Pacific Gas & Electric Company's (PG&E) Pit 1 penstock in the Modoc Plateau 

of northeastern California (Figure 1). The 1,700 foot long penstock is a 96 to 129 inch 

diameter, riveted and welded steel pipe that conveys water from a tunnel to a powerhouse on 

the Pit River. Geologic mapping for PG&E's penstock safety program identified four 

subparallel, north-trending faults that crossed under the penstock. 

The Pit 1 penstock is located on the east side of the 3 to 5 kilometer-wide Hat Creek graben 

that is part of the larger tectonic trough separating the Modoc Plateau from the southern 

Cascade Mountains. Faults crossed by the penstock occur on the east side of the graben 

along the northernmost part of the Hat Creek fault zone. The Hat Creek fault has down-on-

the-west normal displacement and is a major fault that extends for about 40 kilometers from 

Mount Lassen to just north of the Pit River (Figure 1). South of the Pit River the fault 

displaces Quaternary and late Pliocene volcanic rocks vertically over 500 meters (Muffler and 

others, 1994). The California Division of Mines and Geology (CDMG) classifies the Hat 

Creek fault as Holocene-active south of the Pit River, but has not zoned the faults in the 

immediate vicinity of the penstock and the Pit River as Holocene-active (Wills, 1991). In the 

vicinity of the Pit River, scarp heights along the Hat Creek fault decrease northward, and 

regional strain appears to transfer west (left) to the Soldier Creek fault zone, and east to the 

Me Arthur fault (PG&E, 1994). 

Hat Creek Fault Near The Penstock 

On the north side of the Pit River at the penstock, the traces of the Hat Creek graben faults are 

defined by linear hillside benches, subtle degraded scarps, aligned topographic saddles, offset 

Plio-Pleistocene bedrock that is exposed in road cuts and river banks, and vegetation and 

tonal lineaments (Figure 2). A smaller, 1,500 meter-wide subgraben is nested within the 

larger Hat Creek graben at the south rim of the Pit River canyon. Fault scarps within the 

subgraben displace a series of low-potassium, olivine (tholeiite) basalt flows. Three separate 

flows were differentiated for this study and are designated Qvi (the oldest and highest basalt 

flow inset within the graben); QV2 (the Sam Wolfin Springs flow); and QV3 (the youngest flow 

which emanates from the crater field east of Cassel). The individual flows were mapped on 

air photos and in the field on the basis of variations in vegetation cover, degree of dissection, 
preservation of flow features, amount of tilting of the flow surfaces, and stratigraphic 

relationships. Both flows QV2 and QV3 were laterally constrained within the linear subgraben 
formed by earlier faulting of flow Qvl, indicating that significant displacements had already 

occurred along the bounding faults prior to extrusion of these later flows (Figures 2 and 3). 

The fault splays south of the Pit River are laterally continuous with the faults at the penstock, 

but are much more pronounced and exhibit greater magnitudes of displacement. The greater 

prominence of the faults here is partly due to preservation of fault features in the resistant 
basalt flows as compared to the volcaniclastic rocks north of the river, and in part because the 

displacements die out northward. Recent channel alluvium and Quaternary stream terrace 

and landslide deposits in the floor and south wall of the Pit River canyon do not exhibit 
evidence of fault offsets on air photos. 

We measured the cumulative offset across the en-echelon scarps that cut flow QV] along the 

east margin of the Hat Creek graben from a profile constructed using 1:24,000-scale 

topographic maps (Figure 3). The displacement from the Qv i flow surface at the top of the 
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highest west-facing scarp, to the top of flow QV2 at the base of the lowest west-facing scarp, is 

84 meters. This is a minimum displacement because the top of flow Qvi is at some depth 

below the elevation of the base of the exposed scarp, and is covered by flow QV2 that pooled 

against and obscured the lower portion of the scarp. 

40Ar/39Ar Dating Methodology 

Previous attempts to date late Quaternary tholeiite basalt flows displaced by the Hat Creek 

fault using potassium argon (KAr) have'not been successful because of the low-potassium 

content of the flows (Page and Renne, 1994; Muffler and others, 1994). Although 

thermoluminescence dating of baked soils beneath lavas has proven viable for dating flows at 

locations elsewhere (Steve Foreman, 1994, personal communication), suitable conditions were 

not found in the study area to apply this method. Because of these constraints, the 40Ar/39Ar 

method was selected to estimate the ages of the volcanic flows cut by the Hat Creek fault near 

the Pit River canyon to assess the fault rupture hazard to the Pit 1 Penstock. 40Ar/39Ar has 

been successfully used in other areas to date volcanic rocks, including low-potassium basalts 

(Renne, this volume). 

A suite of hand samples was collected from flows Qvi and QV2 that are exposed near the 
upper surface of the fault scarps south of the penstock. The samples were selected from 

layered portions of the flows that exhibited the lowest density of vesicles to minimize 

potential problems from excessive adsorption of atmospheric Ar. Where present, weathered 

rinds were removed from the specimens. The samples were labeled in the field and 

transported to the Berkeley Geochronology Laboratory for analysis. 

Sample preparation and analysis followed the procedures outlined by Renne (this volume). 

Samples were prepared from 40-80 mesh sieve fractions, and were rinsed ultrasonically in 

HC1 and HF baths. Samples were irradiated along with the Fish Canyon sanidine (27.84 Ma) 

neutron fluence monitor in the cadmium shielded port at the Oregon State University Reactor 
in Corvallis. Between 50 and 200 mg were incrementally heated in 8-12 steps with either an 

Ar-ion laser or a double-vacuum resistance furnace. Laser-heated samples used the methods 

and equipment described by Renne et al. (1993), whereas the furnace heating used methods 
and equipment outlined by Renne (1995) and Sharp et al. (1995). 

Both plateau and isochron dates (see Renne, this volume) were calculated for each sample, 
along with analytical uncertainties (la) that reflect propagation of errors in relative 

abundances of Ar isotopes, mass discrimination, decay corrections, interfering isotope 
corrections, air corrections (where applicable), and the determination of the neutron fluence 

parameter "J". The extremely low K contents of these lavas renders K-Ar-based dating 

methods particularly sensitive to small amounts of excess 40Ar, and initial 4OAr/36Ar only 

slightly higher than the atmospheric ratio of 295.5 can produce spurious plateau dates, 
whereas the other hand, in cases where sufficient range in 40Ar/36Ar and 40Ar/39Ar are not 

produced by incremental heating, a data array may not be produced that is amenable to 
isochron regression. 

In the present study, most samples yielded isochron dates with acceptable regression dates are 
indistinguishable from plateau dates. Plateau dates are preferred herein only if the isochron 
yielded poor statistics by the above criteria. 

40Ar/39Ar Dating Results 

The results from the 4OAr/39Ar dating are shown on Table 1. In addition to the ages 

determined for the Qvi and Qy2 flows, the table also presents results from 4OAr/3« dating of 
other basalt flows in the Pit River vicinity to provide a regional framework. A total of four 
whole rock 4OAr/39Ar dates were obtained from flows Qv| and QV2 that are displaced by the 
graben faults south of the Pit 1 Penstock: three on specimens from the same outcrop and 



Table 1. 40Ar/39Ar dates of basalt (lows near the Hat Creek fault and graben in the vicinity of the 

Pit River, Modoc Plateau 



stratum of flow Qvi (WDP-6 a,b,c), and one from a specimen of flow QV2 (WDP-5; Figure 2). 

The isochron dates for the three Qvl specimens were: 834±51 ka, 879±40 ka, and 8891136 

ka. The single QV2 sample yielded a plateau date of 846±47 ka. The surface of this flow, as 

seen on air photos and in the field, appears to be different and slightly younger than that of 

flow Qvi. The 4OAr/39Ar dates support this conclusion. The youngest basalt, QV3, was not 

dated because the fresh morphology of the flow suggests that it is less than 50,000 years old, 

and this flow is not offset by the faults along the east margin of the Hat Creek graben that 

project northward to the faults near the penstock. 

Slip Rate 

A long-term, average slip rate of 0.1 millimeters/year (mm/yr) was estimated for the faults 

along the east margin of the Hat Creek graben by dividing the measured total displacement of 

flow Qvi (84 meters) by the average 40Ar/39Ar isochron age of 867 ka. The 0.1 mm/yr slip 
rate is considered to be a minimum long-term rate for the canyon rim segments of the Hat 

Creek fault, because total offset of flow Qv l is likely somewhat greater than that measured 

across the exposed portions of the scarps. However, 0.1 mm/yr is believed to be a 

conservatively appropriate rate for the faults at the penstock along strike to the north because 

their geomorphic expression suggests a significantly lower rate of activity than the segments 

that were dated. 

Muffler and others (1994) report an average slip rate of 1.3 mm/yr for the Hat Creek fault 

since the late Pleistocene near Lost Creek, 25 kilometers to the south, where regional strain 

appears to be accommodated by greater magnitude displacements along a single trace of the 

fault. The lower slip rate estimated for the fault segments at the Pit River by this study is 

because only part of the fault zone is measured and because the fault displacement is less 

along the northern portion of the fault. 

Recurrence Interval Estimation 

Recurrence intervals for varying magnitudes of surface displacement were estimated using a 

long-term slip rate of 0.1 mm/yr. The recurrence model is based on the assumption that the 

faults characteristically rupture with near-maximum displacements, and that strain 

accumulates uniformly along the fault between displacement events. This approach, posited 

by Schwartz and Coppersmith (1984), has been widely used for fault characterization studies. 

Based on our current knowledge of fault mechanics in the Modoc Plateau, and regressions 

that relate maximum magnitude to surface displacement, maximum single event 

displacements are estimated to be on the order of 2 to 4 meters for the Hat Creek graben 

faults south of the Pit River, and about 1 to 2 meters for the faults at the penstock (Page and 
others, 1987). Table 2 shows the relationship between fault displacement magnitude and 
estimated recurrence intervals. For displacements of 1 and 2 meters, estimated recurrence 
intervals range between 10,000 and 20,000 years, respectively. 

Table 2. Estimated slip rate and surface rupture displacement per event, recurrence interval, and 

probability for the northern Hat Creek fault near the Pit 1 penstock 



Fault Rupture Probability And Penstock Risk 

The potential hazard to the penstock was assessed by estimating the annual and SO-year 

probabilities of occurrence for surface displacements between 1 and 2 meters, using 

recurrence intervals of 10,000 and 20,000 years, respectively. The resulting annual 

probabilities ranged between 0.01% for 1 meter displacement, to 0.005% per year for a 2 

meter displacement. These correspond to 50-year probabilities of occurrence of between 
0.5% and 0.25%. The results from this study have suggested that the probability of 

occurrence for damaging levels of surface fault displacement at the PG&E Pit 1 Penstock is 

very low, and presents a minimal risk. 
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