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Magmatic Resurgence in Long Valley Caldera, California:
Possible Cause of the 1980 Mammoth Lakes Earthquakes

Abstract. Changes in elevation between 1975 and October 1980 along a leveling
line across the Long Valley caldera indicate a broad (half-width, 15 kilometers) uplift
(maximum, 0.25 meter) centered on the old resurgent dome. This uplift is consistent
with reinflation of a magma reservoir at a depth of about 10 kilometers. Stresses
generated by this magmatic resurgence may have caused the sequence of four
magnitude 6 earthquakes near Mammoth Lakes in May 1980.

The Long Valley caldera (Fig. 1), an
elliptical depression about 30 km long by
15 km wide, was formed 0.7 million
years ago by collapse of the magma
chamber after an explosive eruption that
ejected approximately 600 km? of rhyo-
litic magma. Within 0.1 million years
after the collapse, replenishment of mag-
ma within the reservoir caused a swelling
(resurgent dome) in the west half of the
caldera that presumably marks the cen-
ter of the buried reservoir (/). Current
research indicates that there were at
least ten eruptions in the western caldera
and Mono Craters during the last 1500
years, including several explosive erup-
tions and extrusion of rhyolite domes
during the last 400 years (2).

An unusual sequence of earthquakes
began just south of the Long Valley
caldera on 4 October 1978 with a magni-
tude 5.7 earthquake (epicenter coincides
with position of station S in Fig. 1) and
culminated with four magnitude 6 earth-
quakes (Fig. 1) on 25 and 27 May 1980.
Subsequent activity has included a mag-
nitude 5.7 earthquake on 30 September
1981 (epicenter about 2 km southeast of
station L in Fig. 1). The long duration
(1978 to 1981), unusual migration pat-
tern, and swarmlike behavior of this
earthquake sequence (3) are not typical
of tectonic earthquakes in California.

In connection with studies of the
Mammoth Lakes earthquake sequence,
a 36-km-long section of a first-order lev-
eling line (Fig. 1) surveyed in 1932, 1957,
and 1975 wds resurveyed in October
1980. The 1980 elevations were calculat-
ed relative to the bench mark at the
southeast end of the line, and the eleva-
tion of that bench mark was arbitrarily
taken to be the same as its 1975 eleva-
tion. Figure 2B shows the elevation
change in 1980 relative to 1975 for each
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bench mark as a function of the distance
along the leveling line from its northwest
end. The maximum measured uplift (0.25
m) is ten times more than could reason-
ably be attributed to surveying errors
over such a short distance and small
elevation difference (4).

Although we initially assumed that the
observed elevation changes were an ef-
fect of the Mammoth Lakes earth-
quakes, it became apparent that these
changes are more closely correlated with
the known structure of the Long Valley
caldera. In particular, the elevation
changes seem to represent a symmietrical
uplift centered on the resurgent dome in
the west half of the caldera. Similar
uplifts observed near Socorro, New
Mexico (5), and Yellowstone National
Park, Wyoming (6), have been attributed
to the influx of magma into midcrustal
reservoirs. Therefore, we compared
(Fig. 2) the observed elevation changes
with the predicted uplift associated with
inflation of a spherical magma chamber

centered beneath the resurgent dome, a
model commonly used to explain the
swelling observed at active volcanoes
(7). The disposable parameters in the
model are the depth to the center of the
magma chamber and the volume of mag-
ma injected into the chamber, taken here
to be 11 km and 0.15 km?, respectively;
the radius of the chamber is not critical.
In comparing the profiles of observed
elevation changes and predicted uplift in
Fig. 2, the profile of observed changes
should be translated vertically upward so
that it coincides with that of predicted
uplift on the right-hand side of the graph.
(The elevation change there was arbi-
trarily set at zero in constructing the
profile of observed elevation changes.)
The agreement between the two profiles
is good; the only significant discrepancy
occurs at the crossing of the Hilton
Creek fault, where the deviations (up on
the left and down on the right) are ex-
plainable by the observed normal slip
that occurred on that fault on 25 May
1980 (8).

Horizontal deformation in the Mam-
moth Lakes area was determined from
precise trilateration surveys in 1972,
1973, 1976, 1979, and 1980 (9). The solid
arrows in Fig. 1 show the displacements
of the trilateration stations between July
1979 and September 1980, as inferred
from the last two surveys. The error bars
at the end of each vector define the
principal axes of the ellipse representing
95 percent confidence. In deducing these
displacements, we assumed that station
T is fixed and the azimuth from station T
to station CH did not change. Attempts
to explain this displacement pattern by
slip on the Hilton Creek fault or other
faults in the epicentral area of the Mam-
moth Lakes earthquakes have been un-
successful (9).

The dashed arrows in Fig. 1 show the

Fig. 1. Northern Owens Val-
ley, California, showing loca-
tions of Long Valley caldera
(dotted ellipse), leveling line

o 6.7 118015’  (sinuous line connecting X’s),
37015‘?+°° A/\)( + trilateration stations (trian-
gles), Hilton Creek fault
Mammm.;‘ Bper e F% (HCF), Wheeler Crest fau!t
Lakes y, (WCF), epicenters of magni-
i tude 6 earthquakes (stars,

37°30' +
o]
Distance \ T
0 50 mm AL
[
Displ.

Sept. 1980 - July 1979

numbered in order of occur-
rence), center of resurgent
dome within caldera (@), and
towns of Mammoth Lakes and
Bishop. Solid arrows at trila-
teration stations represent dis-
placement observed over the
interval July 1979 to Septem-
ber 1980; dashed arrows repre-
sent displacements expected
fromi expansion of a buried
magma chamber.
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Fig. 2. (A) Elevation and (B) elevation change of bench marks as a fiinction of distance from
northwest to southeast along leveling line shown in Fig. 1. Solid ¢urves in (B) are the 1980, 1957,
and 1932 elevations less the 1975 elevations; dashed curve is the elevation change expected

from expansion of a buried magma chamber.

displacements predicted for the trilatera-
tion stations from the same model used
to predict the uplift in Fig. 2. Because
station T was arbitrarily held fixed in
calculating the observed displacements
in Fig. 1, a proper comparison with the
predicted displacements requires that
the displacement predicted at station T
(14 mm to the sotitheast) be added to
each of the observed displacements.
Then the predicted displacements agree
reasonably well in direction and agree
within a factor of about 2 in magnitude
with the observed displacements except
at stations S and L, where the displace-
ment discrepancies (observed minus pre-
dicted displacement) amount to 30 and
120 mm, respectively, northward at both
stations. We infer that these discrepan-
cies represent coseismic displacement
generated by the Mammoth Lakes earth-
quake sequence because both stations lie
within the epicentral area. However, the
nodal-plane solutions for the main earth-
quakes in the Mammoth Lakes sequence
suggest left-lateral slip on near-vertical
north-striking fault planes (/0). North-
ward displacement at both station S and
station L. would then require that the
principal rupture be west of station L,
whereas the north-south alignment of
three of the four magnitude 6 shocks
would suggest that the rupture was east
of station L.. However, the overall distri-
bution of foreshocks, main shocks, and
aftershocks leaves some doubt whether a
single rupture plane was involved.
Because the elevations determined in
1932 and 1957 by surveys of the leveling
line shown in Fig. 1 do not differ signifi-
cantly from the 1975 elevations (Fig. 2),
magma injection could not have begun
before summer 1975. Comparison of the
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1972, 1973, 1976, 1979, and 1980 trilater-
ation surveys shows that significant
changes occurred only in the interval
from July 1979 to September 1980 (9).
Thus it is unlikely that any substantial
expansion of the magma chamber oc-
curred before July 1979. The Mammoth
Lakes earthquake sequence began some-
what earlier with a magnitude 5.7 event
located approximately beneath station S
(Fig. 1) on 4 October 1978. However,

“most of the swarm activity and all four of

the magnitude 6 events occurred after
the July 1979 trilateration survey (/0).

Several lines of evidence suggest that
the observed large-scale deformation
was more likely caused by magmatic
inflation of a midcrustal reservoir than
by coseismic deformation associated
with the Mammoth Lakes earthquake
sequence: (i) the good fit between the
observed uplift and that predicted by the
magma chamber inflation model (Fig. 2);
(ii) our inability to model the observed
deformation adequately by faulting in the
epicentral area, particularly if this fault-
ing was only strike-slip, as suggested by
the nodal-plane solutions; and (iii) the
long duration (1978 to 1981), unusual
migration patterns, and swarmlike seis-
micity, not typical of tectonic events in
California.

If the large-scale deformation is a con-
sequence of magma injection, then it
may be that the Mammoth Lakes earth-
quakes were caused (or at least trig-
gered) by the stresses associated with
magma injection. As a partial test of this
explanation, we used the magma cham-
ber expansion model to calculate the
stress field at the hypocenters of the
magnitude 6 earthquakes and then deter-
mined whether that field was consistent

with the observed nodal-plane solutions.
The stress field is best described in cylin-
drical coordinates, with the z-axis verti-
cal and passing through the center of the
magma chamber; the nonzero stress
components are g,,, Ogq, 0, and o,.. At
the 5- to 13-km depths at which earth-
quakes occur, g,, is negative (compres-
sive), ggq and o, are positive (tensile)
and about equal, and o, is relatively
small. The nodal-plane solutions (/0) for
the magnitude 6 earthquakes are consist-
ent with left-lateral slip on near-vertical
planes that strike approximately north-
south. We find the horizontal shear
stress (left-lateral shear positive) on
these planes to be as follows (earth-
quakes numbered in Fig. 1): earthquake
1, 1 MPa; earthquake 2, —1 MPa; earth-
quake 3, 0.2 MPa; and earthquake 4, 0.1
MPa. Left-lateral shear on the north-
striking nodal plane would also be im-
posed at the hypocenters of the 4 Octo-
ber 1978 earthquake (0.05 MPa) and the
30 September 1981 earthquake (0.4
MPa). The dip-slip component of shear is
in all cases much smaller than the hori-
zontal component. The normal stress
imposed across each fault plane is ten-
sile. Thus the stresses imposed by ex-
pansion of the magma chamber are con-
sistent with the observed focal mecha-
nisms for all the earthquakes except 2,
for which the nodal-plane solution is
notably weak.

The stress field generated by expan-
sion of a buried magma chamber is also
consistent with the surface rupture ob-
served after the May 1980 earthquakes.
Normal slip occurred along the northern
part of the Hilton Creek fault both south-
east of the caldera and along a broad
zone of splayed extensional faults strik-
ing northwest within the caldera and
extending to the center of the resurgent
dome (8). Within this broad zone of
fractures, both nonzero components of
stress (o,, and agg) are tensile and
gge > 0, Along the Hilton Creek fauit
outside the caldera, g is tensile and o,,
compressive; the component of stress
perpendicular to the fault trace is about
0.3 MPa tension.

J. C. SavacGE
M. M. CLARK
U.S. Geological Survey,
Menlo Park, California 94025
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Ancient Maya Mercury

Abstract. Discovery of mercury in an ancient Maya offering at Lamanai, Belize,
has stimulated examination of possible sources of the material in the Maya area.
Two zones of cinnabar and native mercury deposits can be defined in the Maya
highlands, and the presence of the native metal suggests that the ancient Maya

collected rather than extracted the mercury from ore.

Excavation of the ancient Maya site of
Lamanai in northern Belize (Fig. 1) has
revealed extensive evidence of a rich
Postclassic and early historic occupation
(A.D. 900 to 1675), as well as remains
from an earlier period (600 B.C. to A.D.
900) (1). In 1980, offerings associated
with stelae and other monuments were
recovered; among these was the giant
marker disc at the center of the lone
ballcourt at the site. Raising of the disc,
(1.5 m in diameter) revealed an offering
in a lidded bowl; the vessel contained
more than 100 g of crystalline hematite,
mostly in powder form, and artifacts that
included two miniature vessels, in one of
which was approximately 19 g of cinna-
bar (HgS). The vessels and a number of
objects of jade, shell, and pearl sat atop a
pool of 9.7 cm® (131.9 g) of mercury (Fig.
2). Slip and shape characteristics of the
container vessel and two fragmented
dishes on which it rested fix the date of
the offering and the ballcourt construc-
tion in the late 9th or early 10th century
A.D.

The ballcourt offering is evidence of
ceremonial activity at the central Maya
lowland site of Lamanai at the end of the
Classic period. Previously, mercury was
known only from highland sites about
275 km to the south: Copan and nearby
El Paraiso in Honduras (2); Quirigud in
Guatemala, some 45 km north of Copan
(3); and Kaminaljuyti (4) and neighboring
Lake Amatitlan (5), approximately 140
km west of Copdn (Fig. 1). Thus the
Lamanai discovery extends both the
known geographic distribution and the
time span of mercury use by the Maya.
These aspects of the discovery prompted
a review of data on possible sources of
the metal.

Mercury usually occurs as cinnabar,
and cinnabar was prized by the Maya as
pigment, apparently because its color
was symbolic of blood and blood sacri-
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fice; it was included in offerings and elite
burials, not infrequently in association
with crystalline hematite (6, 7). It has
been assumed that the cinnabar found in
lowland sites in Guatemala, Belize, and
the Yucatdn Peninsula came from the
Maya highlands and was important in

highland-lowland Maya trade (6). Most
of the Yucatdn Peninsula is mineralogi-
cally impoverished, but the Sierra Madre
mountains of southern Mexico, Guate-
mala, and Honduras are geologically
suitable for the occurrence of HgS de-
posits.

Without trace-element analyses of
HgS from a wide range of highland and
lowland sites, it is not possible to identi-
fy specific sources with any degree of
certainty. Fuson (8) proposed a source in
the Mexican state of Chiapas for cinna-
bar traded to the Maya lowlands, but
there is neither archeological nor direct
geological support for the suggestion.
There are, however, HgS deposits in the
Early Cretaceous Todos Santos Forma-
tion of Guatemala near Nahual4, Depart-
ment of Solol4, and Zunil, Department of
Quetzaltenango (9), both west-northwest
of Lake Atitldn. Native mercury appears
to have been collected in Quetzaltenango
(10) and in the area of San Miguel Aca-
tdn, Department of Huehuetenango (//7)
(Fig. 1). A second zone of HgS occurs in
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Fig. 1. Map of Maya Area. C, HgS and native mercury sources; A, archeological sites; and M,

archeological sites yielding mercury.
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