
sulfur rings may be stable around Jupiter 
simultaneously and the emission in each 
activated by independent, and perhaps 
nonequilibrium, processes. This possi- 
bility is given some credibility by the rel- 
ative thinness of the ring (c 0.3 RJ) ob- 
served on the first night. If the ring on 
this night had been composed of hot, 
newly ionized material, it would have 
been expected to be substantially thicker 
(about 2 RJ), corresponding to the + 10? 
of magnetic latitude traversed by lo in a 
Jovian rotation (24). 
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Tectonic Tilt Rates Derived from Lake-Level 

Measurements, Salton Sea, California 

Abstract. Tectonic tilt at the Salton Sea was calculated by differencing lake-level 
measurements from two points on the sea. During the past 26 years, tilting was down 
toward the southeast. By 1970 differential vertical movement amounted to 110 milli- 
meters between two gages situated 38 kilometers apart on the southwest shore. A 
reversal in tilt direction in late 1972 has diminished the net differential vertical move- 
ment to 60 millimeters. 
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The discovery by Castle et al. (1) of 
significant vertical aseismic tectonic 
movement over a large region of south- 
ern California has led to an examination 
of records of the vertical geodetic con- 
trol and a search for other types of geo- 
physical data in order to independently 
measure and monitor crustal movement 
in California. Toward this end, we exam- 
ined records of surface water levels on 
the Salton Sea taken over the past 26 
years. 

The Salton Sea occupies the lowest 
part of the Salton depression, an inland 
continuation of the Gulf of California 
(Fig. 1). The altitude of the surface of the 
Salton Sea is currently about 70 m below 
sea level. Seasonal lake-level fluctua- 
tions are about 0.7 m. 

The Salton depression is a large, 
northwest-trending sedimentary basin 
that has both downwarped and down- 
faulted during the late Cenozoic. The 
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Fig. 1 Map of the Salton Sea 
area, southern California, show- 
ing routes of repeated first-order 
leveling and locations of ter- 
minal benchmarks [13(CSHD), 
G516, H70, R1230, V614, W89, 
and G577]. Years in brackets 
indicate the dates of leveling. 
The water-level staffs are lo- 
cated at Fig Tree John Springs 
(FTJS), Salton Sea State Park 
(SSSP), and Sandy Beach (SB). 
Locations of the aftershock 
areas of the 1968 Borrego Moun- 
tain earthquake are adapted 
from Hamilton (9). Locations 
of the 1975 Brawley swarm area 
are from Johnson and Hadley 
(10), and locations of the 1976 
Northern Imperial Valley swarm 
are from Schnapp and Fuis 
(11); ML = 6.2 and ML = 6.4 
are Richter magnitudes for 
moderate-size earthquakes dur- 
ing the years indicated. 
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greatest thickness of fill in the basin ap- 
pears to lie about 75 km south of the Sal- 
ton Sea near the international border, 
where an estimated thickness of at least 
6.4 km of sediments overlies the base- 
ment rock. The depth to a Pliocene seis- 
mic refractor is estimated to be 4.7 km. 
The dip of the basement rock under the 
Salton Sea is down to the southeast (2). 

The shoreline of a Pleistocene lake 
that lay along the southwest side of the 
depression near the international border 
is reported to have been deformed down 
to the southeast resulting in a 35-m ele- 
vation change over a 24-km littoral dis- 
tance (1460 ,/rad of tilt) (3). This geo- 
physical and geological evidence sug- 
gests that the location of greatest 
subsidence lay south of the Salton Sea, 
and that the location of the present lake- 
filled depression is a result of closure by 
deltaic sedimentation and not closure by 
a greater rate of tectonic subsidence. 
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The Salton depression is traversed by 
active, northwest-trending, strike-slip 
faults of the San Andreas system. The lo- 
cations of major fault zones and epicen- 
ters of moderate-sized earthquakes with- 
in the last 26 years are shown in Fig. 1. 
The San Jacinto and Imperial fault zones 
in this region are characterized by con- 
siderable seismicity. The San Andreas 
fault zone in this region, however, is 
aseismic. 

Water-level records have been kept at 
three sites on the Salton Sea (Fig. 1). 
Water-level staffs and gages at these 

sites are read and maintained by th 
perial Irrigation District (SSSP). 
Coachella Valley County Water Di 
(FTJS), and the Water Resources 
sion of the U.S. Geological Survey 
The gage at FTJS is read once 
month to the nearest 0.1 foot (30 
the gage at SSSP is read to 0.05 
and continuous recordings at SE 
averaged and reported to the ne 
0.05 foot. 

The history of water-level differ( 
between pairs of stations is shown ii 
2. The longest historical record is fc 
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SB-FTJS pair, spaced 38 km apart on the 
southwest shore (Figs. 1 and 2b). One 
can clearly recognize in this noisy set of 
data a trend of down-to-southeast tilting 
from the beginning of records in 1952 un- 
til about 1972, at which time the direc- 
tion of tilt reversed. To show this trend, 
we have drawn the curve of a 27-point 
running average (Fig. 2b). Since 1972, 
the lake bed has been tilting down to the 
northwest. 

ences We have attempted to study the timing 
n Fig. of changes in the direction or velocity of 
)r the tilt by plotting the cumulative sum of wa- 

ter-level differences against time as sug- 
gested by Wyss (4). The resolution of the 

.. timing of changes is about 1 year both in 
o the original data (Fig. 1) and in the plot of 
z the cumulative sum (not shown). The 
o rate of tilt appears constant from 1952 to 

1967 and averages 0.16 ,trad/year. From 
o about 1967 to 1970, the tilt rate acceler- 
z ated to an average of 0.4 turad/year and 
o then reversed direction in late 1972. The 

rate of tilt after the reversal was also 
about 0.4 ,trad/year, but that rate ap- 

1 pears to have diminished since 1975. 
The record obtained by differencing 

z the FTJS and SSSP records (Fig. 2a) 
? shows no significant tilt along an east- 

west 14-km separation between these 
o stations from the beginning of the SSSP 
z record in February 1970 to the most re- 

? cently obtained record in March 1978. 
The three-station array allows resolution 

e con- of the true direction of tilt of the lake bed 

pair; since 1970. The absence of tilt on the 
FTJS and SSSP records indicates that 
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Fig. 3. Profiles of elevation changes (AH) from repeated first-order leveling (12). The average date of the level survey (sometimes spanning several 
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true tilt has been most recently down to 
the northwest and is clearly shown by 
the SB-FTJS record (Fig. 2b). 

A nontectonic interpretation of the 
time history of water-level differences 
was also considered. A part of the noise 
on the water-level difference records 
consists of short-duration tilt of the wa- 
ter surface and subsequent seiching, 
with a periodicity of about 1.5 hours. 
High winds must produce considerable 
seiche amplitudes which decay over sev- 
eral days after the winds die down. This 
type of noise probably accounts for the 
few anomalous points on the record (Fig. 
2b) that differ from the secular trend by 
as much as 60 mm. 

A curve obtained from a five-point 
running average (not shown) indicates 
events having an annual periodicity. 
These annual events are probably caused 
by a seasonal buildup of a floating 
wedge of lower density inflow water 
at the south end producing as much 
as 35 mm of temporary tilt of the 
water surface. 

We have considered the possibility 
that the secular trends in the record 
could be caused by compaction of sedi- 
ments, unstable benchmark reference 
points, or elastic or viscoelastic sub- 
sidence of the crust caused by fluctua- 
tions of the Salton Sea level since it origi- 
nally filled in 1905. The timing and mag- 
nitude of tilt that could be produced by 
these processes are not compatible with 
the record from 1952 to i978. 

Repeated first-order leveling surveys 
(Fig. 3) encompassing the time of the wa- 
ter-level record are in general agreement 
with the record (Fig. 2). Figure 3a shows 
down-to-southeast tilt on a level-survey 
comparison from 1956.2 to 1968.6 along 
the south shore of the sea. Lack of tilt 
between 1968.6 and 1974.6 on the profile 
in Fig. 3a can be attributed to the tilt re- 
versal in 1972, which apparently erased 
the tilt accumulated from 1968.6 to 1972. 
A leveling comparison along the north 
shore (Fig. 3b) shows a net down-to- 
southeast tilt of 80 mm from Mecca to 
North Shore that accumulated between 
1956.2 and 1974.3. Associated with this 
tilt is an apparent 80-mm upwarp cen- 
tered at Mecca and a down-to-northwest 
tilt of the upwarp flank between Mecca 
and Indio from 1956.2 to 1968.9. Relevel- 
ing since 1972.1 south of the Salton Sea 
(Fig. 3, d and e) and since 1976.4 along 
the northeast shore (Fig. 3e) shows 
down-to-the-northwest tilting consistent 
with the water-level record. 

Early geodetic leveling and geologic 
studies give average rates of regional tilt- 
ing that can be compared to tilt rates de- 
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Table 1. Rates of tectonic tilt (down to southeast) in the Salton depression. 

oType of Period Average Type of of time tilt rate measurement measurement 
(years) (prad/year) 

Dip of Pliocene (?) seismic refractor (2) 106 < 0.02 
Deformation of Pleistocene shoreline (3) 104 to 106 < 0.15 
First- and second-order geodetic leveling 26 0.34 - 0.03 

(1902-1928), Banning to Mecca (5) 
First-order leveling (1928-1968), Banning to Mecca (5) 40 0.07 + 0.02 
Water-surface level, Salton Sea (1952-1967) 15 0.1 
Water-surface level, Salton Sea (1967-1972) 5 0.4 

rived from the water-level records (Table 
1). Two different rates of tilt are appar- 
ent. Average tilt rates of less than 0.2 
,urad/year typify the long-term geologic 
average, the geodetic data from 1928 to 
1968, and the water-level record from the 
beginning of record in 1952 until 1967. 
Average tilt rates greater than 0.3 ,trad/ 
year seem to include the two known epi- 
sodes of more rapid, aseismic vertical 
deformation that occurred in the period 
1906 to 1914 (1, 5) and again in the period 
since 1959 (1, 6, 7). 

In the Salton Sea area, one of these 
episodes probably began in late 1967 
when the water-level record shows a tilt- 
rate increase from 0.1 to 0.4 Aurad/year 
(Fig. 2). This increased rate was closely 
followed by the Borrego Mountain earth- 
quake (Richter magnitude ML = 6.4) on 
9 April 1968 on the San Jacinto fault (Fig. 
1). The reversal of tilt, beginning in late 
1972, corresponds in timing with the 
main development of the southern Cali- 
fornia uplift in southeastern California 
(7). We believe that development of the 
uplift in this region interrupted the pre- 
vious 16-y ear trend of down-to-southeast 
tilting. The data presented here suggest 
that the first effects of the uplift occurred 
in 1967, marked by an increase in aver- 
age tilt rate. Initiation of tilt at this rate 
may be an indication of an increased 
strain rate that ultimately triggered the 
Borrego Mountain earthquake 6 months 
to 1 year later. 

The scale and timing of deformation 
reported here suggest that there were 
two kinds of mechanical behavior of the 
crust in the vicinity of the San Andreas 
fault. The relatively slow, steady tilt 
rates of 0.1 ,rad/year may be associated 
with the continuing accumulation of 
north-south compressive strain, as re- 
ported from repeated triangulation and 
trilateration surveys (8), which generally 
range from 0.3 to 0.5 microstrain per 
year. The more rapid tilt rates (greater 
than 0.3 trad/year) are associated with 
episodes of rapid aseismic uplift and are 
probably also associated with increased 
rates of horizontal strain. The precise 

mechanism of these two kinds of defor- 
mation along the San Andreas fault sys- 
tem is uncertain. 

These observations of water levels in 
the lake provide a detailed history of ver- 
tical aseismic deformation. We wish to 
point out that these water-level measure- 
ments were not designed to monitor 
crustal deformation. Had the data been 
collected for this purpose, they could 
have been read to the nearest 1 mm 
instead of to 30 mm. The recording of 
lake water levels either by occasional 
readings of water-level staff gages or by 
means of continuous recorders is a 
straightforward and relatively inex- 
pensive means of obtaining a continuous 
record of vertical deformation. 
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U.S. Geological Survey, 
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Abstract. Dimethyl sulfate and its hydrolysis product monomethyl sulfate have 
been found at concentrations as high as 830 parts per million in fly ash and in air- 
borne particulate matter from coal combustion processes. This discovery poses a 
new environmental problem because of the mutagenic and carcinogenic properties 
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Abstract. Dimethyl sulfate and its hydrolysis product monomethyl sulfate have 
been found at concentrations as high as 830 parts per million in fly ash and in air- 
borne particulate matter from coal combustion processes. This discovery poses a 
new environmental problem because of the mutagenic and carcinogenic properties 
of these compounds. 

Much effort and money have been and 
are being expended to reduce the amount 
of airborne particulate sulfate generated 
by fossil-fuel combustion. Most of this 
activity has occurred because epidemio- 
logical studies suggest that long-term, 
low-level exposure of human popu- 
lations to the sulfur compounds in air- 
borne particulate matter is detrimental to 
health. However, the results of these ep- 
idemiological studies are still in ques- 
tion, and there has been no demonstra- 
tion of any long-term toxic effects of any 
of the sulfur compounds known to be 
present in airborne particulate matter 
(1). 

We have reported the presence of or- 
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ganic derivatives or adducts of sulfur 
oxides in airborne particulate matter col- 
lected in urban environments or from 
coal-burning facilities (2). These uniden- 
tified organic derivatives and compounds 
of sulfur in an oxidation state less than 
+6 usually account for 5 to 15 percent of 
the total sulfur present in such samples. 
The balance of the sulfur is present as 
salts of SO42-, salts of HSO4-, or H2SO4. 
In the process of isolating and identify- 
ing the organic derivatives of sulfur 
oxides, we have found dimethyl sulfate 
[(H3CO)2SO2] and its hydrolysis product 
monomethyl sulfate (H3COS3-) to be 
present in fly ash and in airborne particu- 
late matter originating from coal com- 
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bustion. To our knowledge, this is the 
first report of the presence of short-chain 
alkyl sulfates in the environment except 
in the vicinity of industrial plants where 
these compounds are manufactured or 
used (3). Although these two compounds 
constitute only about 0.5 percent of the 
total sulfur present in the samples, we 
believe this discovery is important be- 
cause of the proved mutagenic and car- 
cinogenic properties of dimethyl sulfate (4). 

Samples of fly ash were collected di- 
rectly from the flue line (gas temperature 
-110?C) of a modern chain-grate, stoker 

type, coal-fired heating plant which 
burns about 20,000 tons of coal per year. 
The coal was low-sulfur (0.5 percent), 
high-ash (14 percent) coal from southern 
Utah. No size fractionation was attempt- 
ed on these samples. The plant meets the 
emissions requirements of the Environ- 
mental Protection Agency but has no 
emission controls except an extended 
flue line to trap the fly ash and a stack 50 
m tall. 

We collected the total suspended air- 
borne particulate matter on acid-washed, 
quartz-fiber filters by using a high-vol- 
ume sampler with a constant flow con- 
troller located on the roof of a building 
125 m from the stack and 30 m below the 
top of the stack. The sampler was oper- 
ated for from 2 to 5 days to collect each 
sample during inversion conditions when 
there was little or no wind. The particu- 
late matter collected was assumed to be 
emissions from the stack of the heating 
plant as there were no other major emis- 
sion sources within 15 km of the plant. 

The air particulate and fly ash samples 
were first extracted in a Soxhlet appa- 
ratus with methylene chloride to remove 
organic materials which interfered with 
the dimethyl sulfate determination. The 
fly ash from the flue line was found to 
contain very low concentrations of or- 
ganic compounds soluble in methylene 
chloride and therefore the methylene 
chloride extraction was omitted. No 
dimethyl sulfate was extracted from any 
of the samples with methylene chloride. 
The samples were then extracted with 
methanol, some portions by Soxhlet ex- 
traction and some in an ultrasonic bath at 
room temperature (5). 

The methanol extracts were analyzed 
by gas chromatography with a glass cap- 
illary column and both a flame ionization 
detector (FID) and a sulfur-specific 
flame photometric detector (FPD) (Fig. 
la). Dimethyl sulfate was identified by 
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