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Nature of the Magma Chamber Underlying the Mono Craters Area,
Eastern California, as Determined From
Teleseismic Travel Time Residuals

ULRICH ACHAUER,! LizBETH GREENE, JOHN R. Evans, AND H. M. IYER
U.S. Geological Survey, Menlo Park, California

A total of 94 telescismic events of good quality were recorded by a dense mobile array of seismographs
located in the Mono Craters volcanic area, eastern California, one of the youngest apparently active
rhyolitic volcanic centers in North America. An inversion of travel time residuals from these events
reveals a small anomalous volume, 200-600 km?3, directly beneath the Mono Craters with at least 7%
low velocity and a top approximately 8-10 km deep. It reasonably may be interpreted as a magma
chamber of molten or partially molten rock, although smaller, shallower, and differently placed than
previously thought. The magma chamber probably is too small and young to produce a caldera-forming

eruption within the foreseeable future.

INTRODUCTION

In recent years the analysis of teleseismic compressional
waves has proven to be a useful tool for the detection of small
anomalous velocity bodies in volcanic areas such as Long
Valley, California [Iyer and Stewart, 1977, Steeples and Iyer,
1976], The Geysers—Clear Lake volcanic field [Iyer et al,
1979; Oppenheimer and Herkenhoff, 1981], Mount Etna, Sicily
[Sharp et al., 1980], Coso geothermal area, California [ Reasen-
berg et al., 1980], Roosevelt Hot Springs, Utah [Robinson and
Iyer, 19817, Newberry Volcano, Oregon (D. A. Stauber, un-
published manuscript, 1986) and other locations.

The Mono-Inyo Craters chain is a north trending silicic
volcanic system extending from Long Valley caldera in the
south to Mono Lake in the north (Figure 1). The chain is on
the western margin of the Basin and Range province, just east
of the Sierra Nevada range front. High heat flow, recent fault-
ing, and strong seismic activity indicate that crustal extension
still dominates the local tectonic regime, and that the region is
volcanically and seismically active.

Kistler [1966] suggest that the Mono Craters erupted along
the eastern part of a subcircular mylonitized Cretaceous
pluton boundary. This mylonitized zone bounds the Grant
Lake-June Lake embayment of the Sierra Nevada to the west
and is inferred to underlie vents of the Mono Craters on the
east (Figure 1). More recently, Bailey and Koeppen [1977] and
Bailey [1982] mapped an additional series of concentric ring
fractures east and south of the Mono Craters.

Bailey et al. [1976] and Bailey [1982] argue that together
with these ring fracture systems, the youth, geochemistry, and
frequency of eruptions suggest that the Mono Craters are fed
by a ring dike from a moderately deep silicic magma chamber
centered west of the craters beneath Pumice Valley. They infer
that the chamber is largely molten and may still be rising
toward the surface beneath an incipient caldera ring fracture
zone (Figure 1). The teleseismic experiment described below is
an attempt to test this model. While it tends to confirm the
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existence of a magma chamber, it suggests that the chamber is
smaller and shallower than Bailey inferred and is located be-
neath the Mono Craters themselves rather than being centered
beneath Pumice Valley.

DESCRIPTION OF EXPERIMENT

To investigate the crustal compressional velocity structure
of the Mono Craters area a network of portable analog seis-
mic recorders was installed for a period of 2 months during
the summer of 1982. The network consisted of 16 stations with
an average station spacing of about 6 km (Figure 1). These
stations formed a 20 by 30 km grid centered near the Mono
Craters.

The recording instruments used were 11 U.S. Geological
Survey (USGS) analog FM “S5-day recorders” [Criley and
Eaton, 1978]. Two of the recorders also received data from a
total of five radio transmitter sites. The transmitter sites each
had one 1-Hz vertical seismometer, while the remaining sta-
tions included one vertical and two horizontal 1-Hz seismom-
eters. Arrival times of P and PKIKP were read from the
vertical component in each case.

During the 2-month recording period, 94 teleseismic events
of good quality were recorded (Table 1 and Figure 2). All
events were digitized and timed using digital band-pass filters
and correlative methods similar to those of Steeples and Iyer
[1976]. Timing precision is approximately 0.05 s. Theoretical
travel times were calculated from hypocenters given in the
“Preliminary Determinations of Epicenters,” a U.S. Geological
Survey periodical, and the Herrin et al. [1968] travel time
tables. Absolute residuals then were obtained by subtracting
the theoretical travel time from the observed travel time:

R:j =T, — 7:1:., (1

oy

To isolate the effects of local structure from the extraneous,
but often larger, effects of source and path errors and anoma-
lies, relative residuals were calculated. This correction was
made by subtracting the weighted mean residual for each
event [rom the absolute residuals of every station for that
event:
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Fig. 1. Map of the Mono-Inyo Craters area showing major volcanic, tectonic, and geographic features, and the

stations used 1n the teleseismic imaging experiment. Open symbols are transmitter sites; solid symbols are recorder sites.
Cross north of MC9 is model center (cf. Figures 6a—6¢). Geology based on work by Kistler [1966], Bailey and Koeppen

[1977], and Strand [1967].

where i is the station index, j is the event index, N, stations
report event j, and W, are weights derived from subjective
pick qualities. Relative residuals are used for the remainder of
this paper and simply may be called “residuals.”

Figure 3a shows mean relative residuals for each station
with teleseisms arriving from all azimuths averaged together:

1 M

AR;=— > RR;; 3
=37, LRRy ©)
where M, events were recorded at station i during the experi-
ment. These average residuals are independent of azimuth and
incidence angle and reflect velocity heterogeneities at shallow

depth. They are called the “invariant” part of the residuals.
Equation (3) is subject to an azimuthal bias caused by the
inhomogeneous distribution of events around the earth. For
comparison, we calculated unbiased invariant residuals by
weighting the residuals so that each way “bundle,” discussed
below, contributed equally to the invariant residual. The azi-
muthal bias revealed by this procedure is very small, generally
less than 0.02 s. It has no significant effect on the following

discussion and no effect at all on the inversion results present-
ed later.

To show the effects of deeper structures, the teleseismic
compressional waves next were divided into five groups ac-
cording to ray orientation beneath the array. All events in
such a ray bundle are averaged together and the invariant
part is removed according to

1 X
DR, = I:— Z RRU,,:l — AR, )
ib j=1
where X, is the number of events reported at station i for ray
bundle b. P waves have incidence angles from about 14°-30°
near the surface and are divided into four groups according to
azimuth (Figure 3b-3¢). The azimuth groupings chosen follow
the natural clustering of events to the northwest, southeast,
and southwest, as seen from the western United States. The
fifth ray group (Figure 3f) is PKIKP with all azimuths
grouped together; incidence angles are less than 6° for
PKIKP. The changes in residual patterns between these five
ray directions are due to anomalous velocity regions at depth
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TABLE 1. Hypocenters of Teleseismic Events Used
Origin Depth, Latitude Longitude
Location Date Time km M, N A\

El Salvador June 19, 1982 0621:58.0 82 6.2 13°18.8 89°20.3
Fij1 Islands June 19, 1982 1849:02.5 611 49 —21°04.2 178°46.6'
Vanuatu Islands June 19, 1982 2246:08.8 33 5.6 —14°43.1" —167°52.6
North Atlantic June 20, 1982 0829:15.3 10 5.1 30°42.0' 41°44.0
El Salvador June 21, 1982 0530:28.7 61 49 13°03.6' 89°19.7
Santa Cruz Islands June 21, 1982 1915:56.3 48 5.6 —10°47.0/ —164°10.4'
Banda Sea June 22, 1982 0418:40.5 450 6.3 —7°20.3 —126°02.6'
Aleutian Islands June 22, 1982 0705:27.1 90 4.8 53°55.7 166°38.6
Honshu, Japan June 23, 1982 0151:54 8 476 53 29°03.7' —138°46.1"
Fij1 Islands June 23, 1982 1324:09.3 623 48 —20°45.0 178°53.1
South Atlantic* June 24, 1982 0916:44 3 10 5.6 —44°00.5' 15°58.7
Sumatera June 25, 1982 1023:51.2 35 53 —6°21.4 —103°26.2'
Kuril Islands* June 30, 1982 0157:34.1 33 6.6 44°40.7 —151°08.6'
Chile July 1, 1982 0256:27.2 149 50 —18°40.8’ 69°23.8'
Aleutian Islands July 1, 1982 0741:53.2 48 6.3 51°25.6' 179°56.6
Chile-Bolivia July 1, 1982 0847:32.7 119 44 —21°25.8' 68°48.0
Tuamotu Arch. July 1, 1982 1701:58.8 1 5.2 —21°46.0 139°03.0
El Salvador July 2, 1982 1159:35.6 64 50 13°03.4' 89°17.2'
Volcano Islands July 3, 1982 1436:30.3 165 5.2 22°19.0/ —143°24.7
Kazakh, SSR July 4, 1982 0117:14.4 1 6.1 49°59.7 —78°51.4
Ryukyu Island July 4, 1982 0120:06.8 536 6.3 27°55.7 —136°58.0
Colombia July 4, 1982 0616:08.4 54 5.5 7°39.2' 72°11.8
Japan July 5, 1982 0856:55.6 [16 5.7 30°59.8' —130°27.1"
Fip Islands July 5, 1982 2122:26.9 615 5.5 —20°49.7 178°48.1"
Peru July 11, 1982 0213:37.7 39 5.3 —16°38.9 73°12.8
North Atlantic July 11, 1982 1040:12.4 10 5.1 23°43.6' 44°53.9'
Honshu, Japan July 13, 1982 0845:55.7 341 49 32°56.3 —137°39.2
Gilbert Islands July 13, 1982 1349:48.3 30 5.5 —3°18.% —177°35.5
Japan July 14. 1982 1042:13.5 325 53 45°38.5 —143°21.8'
Alaska July 14, 1982 1215:47.6 157 50 60°30.8' 153°40.2
Gilbert Islands July 15, 1982 0213:49.3 33 5.6 —3°20.5' —177°34.9’
Fij1 Islands July 16, 1982 1433:40.7 547 54 —21°24.7 178°50.2
Gilbert Islands July 17, 1982 1832:09.7 33 54 —3°15.0' —177°37.1"
Vanuatu Islands July 17, 1982 2202:07.9 37 5.6 —21°44.1" —173°07.9
Colombia July 17, 1982 2224:14.2 163 49 6°47.5' 73°02.5
Argentina July 19, 1982 2352:55.2 207 5.2 —23°56.9' 66°44.3'
Kamchatka July 20, 1982 1511:473 32 5.5 54°33.0° —161°28.3"
Peru July 21, 1982 2211:03.5 99 5.1 —13°12.9 75°05.6'
Honshu, Japan July 23, 1982 1125:01.3 32 5.1 36°07.3' —141°45.5
Java July 23, 1982 1351:423 34 5.2 —10°47.8' —111°42.9
Honshu, Japan July 23, 1982 1423:53 5 37 6.2 36°11.6' —141°42.1"
Honshu, Japan* July 23, 1982 1505-07 8 50 5.1 36°09.4' —141°43.6
Honshu, Japan July 23, 1982 1754-02 4 31 57 36°04.0' —141°43.5'
Africa July 24, 1982 0917:27.5 10 5.2 —52°52.8 —20°51.7
New Britam July 24, 1982 1233:56.2 76 4.6 —5°51L.7 —151°17.0¢
Aleutian Islands* July 25, 1982 0539:01.8 106 4.5 52°02.4' —178°26.6
Honshu, Japan July 25, 1982 0801:28.6 45 5.5 36°18.8" —141°38.6'
Tuamotu Arch. July 25, 1982 1801:58 1 1 5.6 —21°51.8 138°56.6
Africa July 26, 1982 0343:240 10 5.0 —52°48.2 —20°56.6'
El Salvador July 26, 1982 1034:58.6 67 5.1 13°21.9 89°03.8
Galapagos Islands July 27, 1982 1127:17.9 10 52 1°15.2 90°41.8'
Aleutian Islands July 27, 1982 1234-51 8 228 4.6 52°50.4' 176°24.6’
Tonga Islands July 30, 1982 0340:51.4 33 5.7 —18°39.1" 173°38.1"
Aleutian Islands July 31, 1982 0629:15.5 38 6.2 51°45.3' —176°08.2'
Tonga Islands Aug. 2, 1982 1100:07.0 33 49 —20°21.1 174°27.2
Mariana Islands* Aug. 3, 1982 0604:39.6 47 5.8 13°44.5' —146°20.4'
New Guinea Aug. 5, 1982 0728:08.8 113 5.6 —5°46.0¢ —146°34.0
Chile Aug. 5, 1982 0815:01.7 33 5.0 —37°37.7 73°00.7'
Chile “Aug. 5, 1982 0916:41.3 40 54 —26°40.7' 70°39.4
Gilbert Islands Aug. 5, 1982 1524:23.1 33 52 —3°228 —177°39.7
Santa Cruz Islands Aug. 5, 1982 2032:52.9 31 6.2 —12°35.8' —165°55.9
Aleutian Islands Aug. 6, 1982 0453:58.6 64 54 51°56.8' 176°05.1
Indian Rise Aug. 6, 1982 1345:26.8 10 5.1 —10°22.7 —66°14.9
Fiji Islands Aug. 7, 1982 0120:29.5 33 5.1 —16°14.0' —178°17.0¢
Tonga Islands* Aug. 7, 1982 1309:21.5 33 5.0 —24°26.7 175°12.7
Samoa Aug. 7, 1982 1820:22.1 33 5.5 —16°32.9 172°38.2'
Alaska Aug. 7, 1982 1953:46.1 15 48 65°59.9 166°46.0'
Bali Aug. 7, 1982 2056:22.7 33 6.1 —11°08.6' —115°25.1
Kamchatka Aug. 8, 1982 0614:09.5 140 53 51°03.1° —156°26.4'
Peru Aug. 9, 1982 0450:38.6 164 4.8 —15°13.8 71°02.5
New Britain Aug. 9, 1982 0502:34.4 163 5.4 —4°38.5 —151°45.8
New Britain Aug. 9, 1982 0933:25.3 195 5.0 —4°59.7 —151°04.9
New Britain Aug. 9, 1982 1847:03.8 143 5.3 —4°58.9' —151°22.3
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TABLE 1. (continued)
Origin Depth, Latitude Longitude
Location Date Time km M, N w

Vanuatu Islands Aug. 9, 1982 2327:31.9 229 5.0 —18°47.1 —169°10.3
Peru Aug. 10, 1982 0451:48.5 33 5.5 —5°21.1 77°22.0°
Tonga Islands Aug. 11, 1982 0808:50.1 33 5.1 —19°28.9 173°02.0'
Samoa Aug. 11, 1982 1202:02.8 33 5.3 —16°25.4' 172°42.2
Honshu, Japan Aug. 12, 1982 0433:00.1 34 53 34°53.9' —139°29.0
Gilbert Islands Aug. 12, 1982 1003:15.5 33 55 —3°23.2 —177°34.1"
Honshu, Japan Aug. 12, 1982 1146:50.8 33 53 39°24 4’ —143°16.6
Gilbert Islands Aug. 13, 1982 0605:45.1 33 5.3 —3°18.1 —177°35.8'
Mariana Islands Aug. 14, 1982 0058:54.0 156 5.3 18°29,2' —145°52.0¢
New Guinea Aug. 14, 1982 1427:40.2 106 59 —5°03.3 —143°57.8
Peru Aug. 15, 1982 0611:15.9 106 5.5 —10°03.8' 76°21.1
Honshu, Japan Aug. 15, 1982 1658:15.8 50 54 36°29.8 —141°02.0
Guatemala Aug. 16, 1982 0632:58.8 76 5.0 14°22.5' 91°36.2'
Fiji Islands Aug. 16, 1982 0721:26.9 596 5.1 —19°42.5 178°08.6'
Aleutian Islands Aug. 16, 1982 2058:20.7 49 54 51°47.0¢ 174°03.4'
Kuril Islands Aug. 17, 1982 0528:59.2 48 5.0 45°41.3' —151°21.2
Solomon Islands Aug. 17, 1982 2255:46.9 33 54 —9°15.0/ —157°39.7
Mexicot Aug. 18, 1982 0358:20.8 38 5.0 18°04.2 105°34.6'
Vanuatu Islands Aug. 19, 1982 0440:48.2 39 5.6 —19°04.0 —169°34.7
Panama Aug. 19, 1982 1559:01.5 10 6.2 6°43.1" 82°40.8'
Gilbert Islands Aug. 19, 1982 1633:25.6 33 5.1 —3°25.1 —177°40.3

*Too few readings; not used in ACH inversion.
+tNot used in Figure 3.

beneath the array. These patterns usefully can be thought of as
the “shadows” of deep objects projected to the surface along
five different illuminating “beams.”

OBSERVATIONS
The invariant part of the delay pattern (Figure 3a) shows
that the stations near Mono Lake (MCC, MD1, MD2, and
MCQG]) are 0.1-0.2 s late. These delays probably are caused by
low-velocity sediment filling Mono basin, Pakiser’s [1976]
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time terms form a very similar delay pattern which he related
to a thin layer of very low-velocity sediments filling the basin.
This invariant part has been subtracted from Figures 3b-3f,
so that the Mono basin sediment effect is removed in these
maps. The remaining part reveals a deeper low-velocity anom-
aly. A delayed region migrates with event azimuth and ap-
pears at stations MCA and MCB for northwest P wave events
(Figure 3¢); MC2, MC3, and MC9 for northeast events
(Figure 3b); MC7, MC8, and MDI1 for southeast events

AUSTRALIA

Fig. 2. Azimuthal equidistant maps of epicenters (crosses) of teleseismic events used in this study. The Mono Craters
area is indicated by the square (P events); the antipode of the area is indicated by the diamond (PKIKP events).

Hypocenter data are listed in Table 1
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together (ie.,

“invariant part”); (b) northeast P wave events; (c) southeast events; (d) southwest events; (¢) northwest

events; and (f) PKIKP. Dotted line in Figure 3f shows approximate maximum size of the low-velocity feature. Invariant
part has been removed from Figures 3b-3f. “N” is the number of events per group (not all stations report for each event).

(Figure 3c); and MCE for southwest events (Figure 3d). In
each case a small region of delayed arrivals is seen near the
Mono Craters and is always on the opposite side of the craters

from the events.

These delays (comparing opposite sides of the craters along
single ray corridors) average about 0.2 s for the four main ray
bundles (Figures 3b-3e). The northeast quadrant (Figure 3b)

contributes strongly to this average but contains only two

TABLE 2q. Inversion Models
Model A Model B Model C
Thick- Horizontal Initial Thick- Horizontal Initial Thick- Horizontal Initial
ness, Block Size, Velocity, ness, Block Size, Velocity, ness, Block Size, Velocity,
Layer km km x km km/s km km x km km/s km km x km km/s
1 * special 4.5 * special ¥ special T
2 7.5 S5x5 6.0 715 5x5 6.0 9.0 6x6 6.0
3 7.5 5x5 6.25 75 Sx5 6.25 9.0 6x6 6.25
4 7.5 5x5 6.5 1.5 5x5 6.5 9.0 6x6 6.5
5 7.5 5x5 6.9 7.5 5x5 6.9 9.0 6x6 6.9
Description Model A Model B Model €
Block orientation} 45° x 135° 45° x 135° 45° x 135°
Damping, s/%? 0.0010 0.0010 0.0005
Data variance, s2 0.0170 0.0088 0.0088
Remaining variance, s? 0.0045 0.0036 0.0033
Variance reduction, % 73 60 62

*Layer thickness equals the station elevation; bottom of first layer is at sea level.

+See Table 2b for velocities.

tAzimuth of block edges
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TABLE 2b. Station Coordinates and Sediment-Corrected Velocities

for Layer 1
Latitude Longitude Elevation, Velocity,
Station N w m km/s
MC1 37°53.1% 119°10.18’ 2640 5.40
MC2 37°51.28' 119°07.06' 2323 4.50
MC3 37°48.86' 119°04.44' 2354 4.50
MC4 37°46.01 119°02.48’ 2692 495
MSA* 37°43.64 119°01.21" 2561 4.50
MS5B* 37°43.56 119°00.95 2442 4.50
MCé 37°57.96 119°09.24' 2847 4.72
MC7 37°55.40 119°08.03’ 2296 495
MC8 37°53.26 119°04.25' 2091 4.50
MC9 37°51.04' 119°02.19 2244 4.50
MCA 37°48.25 118°58.58' 2497 495
MCB 37°46.59' 118°55.55 2341 4.50
MCC 37°57.66' 119°05.36 1963 3.38
MD1% 37°55.49 119°03.03' 2073 3.83
MD2t 37°55.08 119°00.91" 2064 3.38
MCE 37°52.81' 118°58.31" 2262 495
MCF 37°51.11 118°55.02' 2540 472
MCG 37°56.37 118°56.85 2037 3.60

*M5A moved to M5B; July 4, 1982.
+MDI1 moved to MD2; June 27-29, 1982.

events and may be less accurate than the other three; the
mean contrast in the three remaining quadrants is 0.13 s.
Though small, this contrast is significant. The standard de-
viations of the means plotted in Figure 3 are about 0.01 s, and
the several means used together to make such comparisons
give a combined accuracy of about +0.05 s. The observed
0.13-s contrast is about 3 times larger than this error estimate.
This moving pattern of delays can be explained most easily
by a small midcrustal low-velocity region beneath the Mono
Craters. The horizontal dimension of the delaying volume is
about 1 or 2 times the distance between stations (since the
delays cover one to three stations) or about 6-12 km. As-
suming, for example, a 10-km-diameter sphere causing a maxi-
mum of 0.2-s delay, as discussed above, one can estimate that
it would have about 11% low velocity if embedded in a 6
km/s layer. The Mono Craters low-velocity feature is of this

ACHAUER ET AL.: MAGMA CHAMBER UNDER MONO CRATERS AREA

The depth of the feature can be estimated from the ray
incidence angles and the distance the delay shadow moves
between opposite azimuths. In this case the low-velogity
region must be centered at roughly 12-20 km deep. Based on
the positions of the residual maxima and the ray azimuths
used, it is probably beneath the southern half of the Mono
Craters.

The fifth (near-vertical) ray bundle (Figure 3f) unfortunately
lacks any data above this suspect region. In fact, the near-zero
residuals at MC2, MC3, MC8, MCA, MD2, MCE, and MCF
constrain the horizontal size and position of the anomalous
volume to be within the dashed line in Figure 3f, consistent
with the data for the other ray bundles.

INVERSION OF THE MONO CRATERS DATA: METHOD

To investigate the low-velocity anomaly in more detail, we
inverted the relative residuals using a modified version of the
“ACH?” inversion technique first described by Aki et al. [1977].
In this section we briefly outline the method, which is de-
scribed in great detail by Ellsworth [1977], Aki et al. [1977]
Iyer et al. [1981a, b], and many other authors. Results of this
modeling are given in the following section.

In this method the volume of interest below the seismic
array is parameterized by dividing it into plane layers and
dividing each layer into a grid of rectangular blocks. An initial
average compressional wave velocity is assigned to each layer
for purposes of ray tracing, but the results are not very sensi-
tive to these initial velocities [ Aki et al., 1977]. The block sizes
are governed by the station spacing of the network and the
wavelength of the recorded compressional waves (both about
6 km).

This version of the ACH method uses plane waves incident
on the bottom of the layered model. To linearize the equa-
tions, each segment of ray is assigned to the block in which it
travels and refraction by the anomalous structure is disregard-
ed. The linear equations can be expressed in matrix form as

order. Am=d ©)
A
00060 |- )
x 6= 00200 s2/9%2
|\
\
\
\
~ 0.0050 | X 00100 Data variance = 00088 sec 2
o
‘' \
a \
° L \
Q \
< x 00050
3 AN
Z 00040
E} ™ 00020
ke] R
o T — 00010
3 I TU%e |
L | — 00005
| T *: ———
o rggE)n_ o? o_ptl_m;l IAraEe?of_f ______ x 00002
0.0030 -
OT 1 1 | 1 1 I I | I | | »
0 0.05 010

Squared Model Length

Fig. 4. Residual variance (i.c., model misfit) versus the length (i.e., complexity) of the solution vector (|#|) showing the
trade-off between these factors for a range of damping parameters 62,
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Nr
0 10 KM
—_—

MODEL A LAYER 1 0.0 - 2.0 KM VELOCITY 4.50 KM/S

Nr
[+] 10 KM

MODEL B LAYER 100 - 2.0 KM VELOCITY 338 - 5.40 KM/S

——Z

where m is a vector containing the unknown fractional slow-
ness perturbations, A is a semidefinite matrix with the calcu-
lated unperturbed travel times of ray segments, and d is a
vector containing the travel time residuals. ATA is singular
because, for example, a uniform velocity perturbation in one
layer is indistinguishable from origin time changes [Aki and
Lee, 1976]. Thus to solve these equations we use the method
of damped least squares [ Levenberg, 1944; Franklin, 1970]:

= (ATA + 621)"'ATd ©)

where m is the model estimate, 8° =~ od?/om? is the damping
parameter [Aki et al., 1977], and od? and om? are the esti-
mated variances of the data and the true model m. The solu-
tion of the linearized problem gives the velocity perturbation
of each block (approximated as the negative of the slowness
perturbation) relative to an unknown mean layer velocity. Ab-
solute velocities are indeterminate because relative, rather
than absolute, residuals must be used and by reason of the
singularity argument given above.

To examine the problems of velocity anomalies arising from
near-surface sediments and of the trade-off between resolution
and block size, we present three slightly different models. All
three models have five layers; in the first layer the block struc-
ture is replaced by a separate first-layer “block” for each sta-
tion. The reason for this special treatment is that in the first
layer the rays arriving at a given station generally sample a
volume through which rays to no other station pass.

Tables 2a and 2b show layer thicknesses, initial velocities,
and block sizes for each model. The initial velocities and the
thickness of the first layer were obtained from refraction pro-
files in the Mono basin area [Pakiser, 1976], and the Long
Valley caldera area [Hill, 1976; Kissling et al., 1984]. Model A
has a uniform initial velocity assigned to all stations in layer 1,
that is, no sediment corrections. The calculated velocity per-
turbations in layer 1 of model A were used to estimate the
first-layer velocity corrections subsequently used in models B
and C (Table 2b). These corrections produce travel time vari-
ations that are in the same sense but smaller than Pakiser’s
[1976] refraction time terms for Mono basin (presumably be-
cause teleseismic rays have steeper angles of incidence, i.e., are
shorter than refraction rays). The sediment corrections reduce
the starting data variance, of course, but they also improve the
fit of the calculated model to the data. That is, they reduce the
unmodeled-data variance, the part of the data left unexplained
by the model (“remaining varience” in Table 2a; see the ap-
pendix).

For layers 2-5 the blocks have horizontal dimensions of 5
km in models A and B and 6 km in model C. These dimen-
sions are appropriate for the station spacing and give the good
resolution characteristics discussed later. The height of the
blocks was chosen to be 1.5 times the horizontal block size in
a compromise between steep ray angles and block equidimen-
sionality [cl. Ellsworth and Koyanagi, 1977]. To improve the
resolution, only blocks sampled by at least 10 rays were used
in the inversion.

Different damping factors (between 6% = 0.0200 and 0.0002

MODEL C LAYER 1 0.0 - 2.0 KM VELOCITY 3.38 - 5.40 KM/S
Fig. 5a

Fig. 5. (opposite) Velocity models produced by ACH inversion
method. The same layer of three models (A, B, and C) are shown in
each figure; the depth range of model C is slightly different from the
others (Table 24). Contour intervals vary from model to model and
layer to layer. They are labeled in percent (negative indicates slow). (a)
Layer one (small crosses show station locations); (b}e) layers 2-5
(small crosses show block centers). Cross section in Plate 1 taken
along line shown in Figure 5c for model B.
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MODEL A LAYER 2 2.0 - 9.5 KM VELOCITY 6 00 KM/S

— =z

0 10 KM
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MODEL A LAYER 3 9.5 - 17.0 KM VELOCITY 6.25 KM/S

[} 10 KM
—

MODEL B LAYER 2 2.0 -9.5 KM VELOCITY 6.00 KM/S

—Z

0 10 KM
"

MODEL C LAYER 2 2.0 - 11.0 KM VELOCITY 6.00 KM/S
Fig. 5b

Fig. S.

MODEL B LAYER 3 9.5 - 17.0 KM VELOCITY 6.25 KM/S

x
N

o 10 KM
|

MODEL C LAYER 3 11.0-200 KM VELOCITY 6.25 KM/S

Fig. 5¢

(continued)
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MODEL A LAYER 4 17.0 - 24.5 KM VELOCITY 6.50 KM/S

— >z

MODEL B LAYER 4 17.0 - 24.5 KM VELOCITY 6.50 KM/S

—Z

0 10 KM
1

MODEL C LAYER 4 20.0 - 29.0 KM VELOCITY 650 KM/S

Fig. 5d
Fig. 5.
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MODEL C LAYER 5 29.0 - 38.0 KM VELOCITY 6.90 KM/S

Fig. Se

(continued)
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s2/%?) were tested to investigate the trade-offs between resolu-
tion, standard errors, the fit to the observations, and smooth-
ing of the result. For the final models, 6% = 0.0010 s?/%?2
(models A and B) and 0.0005 s?>/%2 (model C) were adopted.
In our opinion these values give the optimal trade-off, though
the value chosen for this ad hoc parameter is essentially arbi-
trary. For damping parameters smaller than 62 = 0.0005
s2/%?2 the increase of the standard errors and of model length
(i.e., model complexity) did not compare favorably with the
small improvement grained in the fit (Figure 4). For damping
factors larger than 6% = 0.0010 s2/%?2 the decrease in the fit is
large compared to a small improvement in smoothing.

With another series of models (not presented here) we inves-
tigated the influence of block size, layer thickness, and block
position on the pattern of highs and lows seen in the calcu-
lated models. Even though the magnitudes of the pertur-
bations change (because the block boundaries are non-
physical and artifically influence the result), all models tested
showed the same major features. Therefore we believe that the
ensemble of models presented here fairly represents the set of
possible solutions.

All the models explain the observed travel time residuals to
within about the measurement error. For example, model B
diminishes the variance of the residuals by 60% leaving an
unmodeled variance of 0.0036 s2/% 2, which compares favor-
ably with the timing accuracy of about 0.05 s.

DiscussioN

inversion Model

The three-dimensional velocity structure obtained from the
inversion reveals several significant features (Figure 5 and
Plate 1a). (Plate 1 can be found in the separate color section in
this issue.) The most important of these is the low-velocity
anomaly in the middle crust under the southern part of the
Mono Craters. Its top is about 8-10 km deep (depending on
the inversion model). The feature is visible clearly in layers 3
and 4 of all models and may reach to the bottom of the crust
in layer 5 (~32 km). Its slowest velocity is about 7% below
the mean and occupies a single block in layer 3. Since damp-
ing in the inversion tends to reduce the magnitude of these
velocity estimates, the velocity of the feature may be even
lower. Because the array is 30 km in diameter, we do not have
much information from depths greater than about 30 km and
cannot determine whether the anomaly continues into the
mantle.

Though this main low-velocity feature is relatively compact,
it does appear to be somewhat asymmetric. In particular, the
center shifts significantly between layers 3 and 4, suggesting an
east dipping structure. This dip is apparent in the east-west
cross section of Plate 1a and in similar cross sections (not
shown) of a set of models with differing block arrangements.
The easterly dip probably is not an artifact of the inversion
since more west dipping than east dipping rays are used in the
inversion. The resolution matrix (Figure 6b, discussed in the
next section) confirms this interpretation. The observed dip
suggests that the east dipping Sierran frontal fault zone or an
eastward (outward) dipping zone of weakness associated with
the mylonitized cataclastic border of a Cretaceous pluton be-
neath Pumice Valley [e.g., Kistler, 1966] may influence the
location of the low-velocity anomaly.

In addition to this low-velocity anomaly, some smaller fea-
tures are visible. A high-velocity region in the northwestern
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corner of the model lies beneath the Sierra (layers 1 and 2) and
may be caused by high-velocity basement rock. Similar high-
velocity features were observed by Iyer et al. [1981a, b] and
Evans [1982] under the Idaho Batholith. A second high-
velocity anomaly is centered near the south end of the Mono
Craters in layers 1 and 2. It coincides with a magnetic low
[U.S. Geological Survey, 1974] which may be caused by car-
bonate metasediments in Sierran roof pendant rocks (R.
Bailey, personal communication, 1985). Such rocks crop out
nearby and in other areas along a larger north-south magnetic
low of which this one is a part. Where they appear nearby
along the crest of the Sierra Nevada, these rocks have higher
density than the neighboring granitic rocks [Oliver, 1977] and
may therefore have higher seismic velocities than the granitic
rocks which crop out west of the Mono Craters. The thickness
of this roof pendant is uncertain but could be as great as 5 or
6 km, based on observed variations in hypocenter patterns
with depth south of Long Valley (R. Cockerham, personal
communication, 1985). Finally, a low-velocity feature appears
beneath Mono basin in layers 1 and 2 and may continue to
depth. Since it lies on the edge of the model and is poorly
resolved (diagonal elements of R < 0.4 or 0.5), its interpreta-
tion is uncertain. It may reflect deeper down-faulted material
in Mono basin contrasting with faster surrounding granitic
rocks, or strictly speaking, it even might be shallow magma
beneath the northernmost Mono Craters. There is, however,
no compelling reason to believe this feature is anything but an
artifact of the inversion’s modeling of the shallow sediments of
Mono basin. Since there is abundant evidence for such sedi-
ments, we perfer not to overinterpret the data by looking too
far for alternative, less probable sources.

Inversion Model Resolution

An examination of the model resolution helps in evaluating
the significance of features seen in the inversion result. The
resolution matrix calculated by the inversion is best under-
stood by

m=Rm ()

[e.g., Ellsworth, 1977], which relates the “true” model m to the
inversion result M. The “truth” of m, which ideally is the real
earth structure, is limited largely by the model parame-
terization (i.e., the selection of block sizes and boundaries).
Each element of the symmetric singular matrix R is between
—1 and +1 (>0 on the diagonal) so that each row of the
matrix is an averaging kernel relating all of m to one block in
m. That is, i is some average, hopefully local, of the parame-
terized real earth structure m.

Thus in most cases large diagonal elements in R indicate
that the velocity estimates in m are dominated by velocities in
the same regions in m, that is, that ni is a good representation
of m. Figures 6a—6¢ shows that the diagonal elements of R are
>0.6 for most of the central parts of our models. Figure 6b
and Plate 1b show the row of R for the block in model B
believed to contain the most anomalous material. This row of
R is typical of the blocks in this central part of the velocity
model. The averaging kernel for this block is compact, so the
velocity estimate probably is not strongly influenced by anom-
alies outside the block. Thus we believe that the models pre-
sented are well resolved on the block level and generally are
interpretable if their velocity perturbations are significantly
larger than the standard errors, which average about 0.8%
(Figures 6a—6c¢).
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Fig. 7. Magmatic model of Bailey [1982], by permission.

The sediments filling Mono basin, on the other hand, form
a relatively thin horizontal layer and are near the edge of the
models. Because resolution is usually poor near the edges of
models and because thin horizontal layers are parasitic cases
and always are modeled badly by the “ACH” method, it is
best to take a different approach to interpreting the resolution
of this anomaly. Comparing the uncorrected (model A) and
corrected (model B) cases (Figures Sa—5e and Figures 6a and
6b) one can see the strong influence of the first layer sediments
on the second layer; deeper layers are less affected by this
“smearing out” of the sediment velocity anomaly. In the cor-
rected case the remaining perturbations in the first layer are
only about 4%, compared with 12% for the uncorrected case.
Nevertheless, the shape of the first-layer anomaly is similar in
both cases, suggesting that the sediment corrections around
Mono Lake should be larger than the ones used or, alter-
natively, that the second layer also may be slow under Mono
Lake. The models’ resolution of this feature is insufficient to
discriminate between these possibilities.

The third layer, however, clearly is decoupled from these
effects. There is no significant change in the pattern in layer 3
between the corrected and uncorrected cases. Similarly, layer 4
is very similar in all the models. Layer 5 differes in model C,
presumably because of the greater depth of this layer in model
C.

Interpretation

Bailey [1982] inferred from geological and geochemical
arguments that the Mono Craters are fed by a shallow ring
dike from an active midcrustal magma chamber. Even though
it is somewhat smaller, shallower, and displaced eastward, we
interpret the low-velocity anomaly beneath the Mono Craters
as this chamber. Many rock properties can produce low veloe-
ities, but the location of this feature beneath a young, increas-

ingly active volcanic chain and the observed and predicted
velocity decreases due to melt and partial melt in crystalline
materials [e.g., Goetze, 1977; Mavko, 1980] support this inter-
pretation. Also, the intensity of the anomaly and its depth,
similar to low-velocity anomalies found under other small
young silicic centers, support our interpretation that the low
velocities are caused by melt or partial melt [e.g., Iyer, 1984].

The bulk melt fraction present in the chamber is much more
difficult to estimate. The gross distribution of melt in the
chamber, the geometry of the melt fraction itself (whether it
wets crystal faces, for example), the melt viscosity, and the
relative importances of phase change, melt squirt, and other
proposed attenuation mechanisms all are poorly known and
all affect such estimates strongly. A low-viscosity melt wetting
crystal faces could produce the observed velocity perturbation
with on the order of 1% melt [e.g., Mavko, 1980]. On the
other hand, the very low phenocryst content of erupted
magmas suggests that at least part of the chamber may be as
much as 100% melted (R. Bailey, personal communication,
1986).

Given such gross uncertainties, we propose only the follow-
ing elementary estimate. The velocities of rhyolite melt
[Murase and McBirney, 1973] and dacite melt [Hayakawa et
al., 1957] seem to be about 4 km/s, which would provide a
36% velocity contrast with country rock (6.25 km/s) if present
in layer 3. If the velocities of the solid and melt part average in
a simple volume-weighted fashion (they may well not), then
the melt fraction to produce a 7% velocity anomaly would be
of the order of 20%.

The volume of the chamber is somewhat difficult to esti-
mate accurately because it is similar to the size of the blocks
{(about 200 km?). The anomaly does appear to involve at least
one full block, since it also seems to aflect several blocks
neighboring the most anomalous one. It does not appear to
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involve fully more than about three blocks. We conclude that
the magma chamber is between about 200 and 600 km? in
volume. This volume is less than that of the Bisho Tufl erup-
ted from Long Valley [Bailey, 1982] and presumably is much
smaller than the magma chamber that produced that tuff.
Coupled with the youth of the Mono Craters, this relatively
small magma chamber volume suggests that a major ash flow
event is not now likely (e.g., R. Bailey, personal communi-
cation, 1985).

Bailey [1982] speculates that Long Valley and the Mono
Craters may have a common mafic magmatic source in the
mantle, which supplies heat to the individual shallower mid-
crustal silicic chambers (Figure 7). Our observations do not
contradict this model; in fact, they tend to confirm at least the
shallower part of it. However, they do suggest that the active
fluid volume of magma is located more directly beneath the
Mono Craters themselves, rather than beneath Pumice Valley,
centered within the ring fracture zone.

Unfortunately, there are few other geophysical data to help
constrain our Mono Craters model. The data reported by
Kissling et al. [1984], who derived a tomographic model for
depths of 0-14 km at Long Valley using local earthquake
travel times, extend north to the Mono Craters, but resolution
is poor in that area. This tomographic model shows moder-
ately low-velocity material beneath the Mono Craters
throughout the sampled depth range and is generally similar
to the teleseismic result. However, the tomographic anomaly
extends to shallower depth than the teleseismic anomaly. In
particular, it shows low velocities from 3 to 9 km depth near
the south end of the Mono Craters, whereas the teleseismic
model, which appears to be well resolved in this area, shows
faster than average velocities at these depths (Figure 5b).
Closer examination of the stations and sources used by Kissl-
ing et al. suggests that the region may be sampled mostly by
subparallel roughly north striking rays arriving at a station at
the north end of the Mono Craters, near our station MD2.
MD?2 exhibits a 0.2-s sediment anomaly. Thus the tomograph-
ic model for this area partly may reflect an ill-resolved sedi-
ment anomaly and therefore may be less reliable locally than
the teleseismic model. However, because of these differing re-
sults the presence of a high-velocity anomaly near the south
end of the Mono Craters suggested by teleseismic data cannot
be considered proven.

Other geophysical data are less applicable. Only one heat
flow measurement [Lachenbruch et al., 1976] is available for
the Mono Craters area. It is west of the craters at Aeolian
Buttes and has a normal Basin and Range value (91 mW m~2)
[Lachenbruch et al., 1976; A. Lachenbruch, written communi-
cation, 1982]. A. Lachenbruch (personal communication,
1984) indicates that this result does not preclude the presence
of a young magma chamber at depth, because if it is as young
as it appears, heat flow from it should not have perturbed
surface temperatures yet. For example, a magma chamber less
than 700,000 years old and more than 10 km deep, or less
than 150,000 years old and 6 km deep would not perturb
surface temperatures significantly even directly above the
chamber.

The gravity data are equally inconclusive. The regional
Bouguer gravity map [Oliver and Robbins, 1978] shows a
small 5-mGal low at the southern end of the Mono Craters,
but the feature represents data from only one gravity station.
A simple model (a 200 km? upright cylinder with its top 10
km beneath the Mono Craters, a diameter of 6 km, and a
height of 7.5 km) would produce a 1.5-mGal anomaly if it had
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a density contrast of 0.2 g/cm3. This gravity signature would
be swamped by larger local features and might not be separ-
able from uncertainties (which easily could exceed 3 mGal) in
the Bouguer reduction density for the volcanic pile.

Finally, Hermance et al. [1984] report a magnetotelluric
study in Pumice Valley. They did not observe a decrease in
resistivity at shallow depths and concluded that the magma
chamber for the Mono Craters is either too thin or too deep
(>10 km) to be resolved or is significantly displaced from the
center of the ring fracture. Since the teleseismic results show
that the low-velocity feature is 5-10 km east of Pumice Valley
and below about 10 km depth, the magnetotelluric observa-
tions do not contradict our results.

CONCLUSIONS

The relative residual patterns obtained from teleseismic
compressional wave arrivals recorded in the Mono Craters
area imply the presence of a low-velocity feature under the
southern part of the Mono Craters. Inversion of these data
provides a moderate resolution three-dimensional velocity
image of the feature. The velocity structure modeled predicts
the observed travel time delays to within their expected read-
ing errors. It reveals a small low-velocity anomaly in the
middle crust mostly between about 10- and 20-km depth and
with a maximum velocity decrease of about 7%. The low-
velocity anomaly may continue to the Moho as an east dip-
ping feature.

A proposed explanation for the feature is the presence of
silicic melt or partial melt under the Mono Craters in a
magma chamber partly controlled by the Sierran frontal fault
zone or the mylonitic border zone of a Cretaceous pluton.
This hypothesis is largely consistent with the geologic obser-
vations of Kistler and Bailey but does not support the notion
of a larger midcrustal chamber centered beneath Pumice
Valley and within the Mono Craters ring fracture zone (Figure
1). The volume of the interpreted magma chamber is greater
than 200 km? but is substantially smaller than the chamber
that existed under Long Valley before eruption of the 600 km?
Bishop Tuff. The melt fraction in the Mono Craters magma
chamber is poorly constrained by these teleseismic data but
may be of the order of 20%.

APPENDIX

The “remaining variance” in Table 2a is, strictly speaking,
only an estimate of the data variance left unexplained by the
model . The equation used, however, can be derived from
equations (5) and (6) with only the approximations already
implicit in those equations and the assertion that the remain-
ing variance is

eTe

o =—— (A1)

(N obs N ev)
where the error e = d — Arii and N, and N, are the number
of observations and events, respectively (D. A. Stauber and D.
Oppenheimer, personal communication, 1986). The sum

square €rror is

(d — A)"(d — Am) = d"d — x"i — mTx + MmT(G — 6%y (A2)

where the solution i obeys equation (6) rewritten as
m=G 'x (A3)

with G = (ATA + 0%I) and x = A"d. Since xTrit = i7x, equa-
tion (A2) rearranges to

eTe = dTd — mTx — mT0%m + MGl — x)  (A4)
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where equation (A3) implies that the last term vanishes. The
inversion uses equations (A1) and (A4) to estimate the remain-
ing variance, so this estimate is exact within the linearity as-
sumptions in equation (5) and the assertion that the system
has N, — N, degrees of freedom.

Ellsworth [1977] compares the value or? obtained from (A1)
and (A4) with values obtained by raytracing through m. He
estimates that or2 leads to variance reduction estimates that
are about 5% optimistic in complex models. Our conclusions
in the text based on the variance reduction and or® are not
affected by differences of this magnitude.
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Plate 1 [Achauer et al.]. (a) Vertical cross section of model B along a line (Figure 5¢) through the suspected magma
chamber. Velocity perturbations are coded by color with low velocities in magenta. (b) The row of the resolution matrix
corresponding to the most anomalous block in Plate 1a.






