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Coastal Uplift and Mortality of Intertidal Organisms 
Caused by the September 1985 Mexico Earthquakes 

Coastal uplift associated with the great Mexican earthquake of 19 September 1985 and 
its principal aftershock produced widespread mortality of intertidal organisms along 
the coast of the states of Michoacb and Guerrero, Mexico. Measurements of the 
vertical extent of mortality at ten sites provided estimates of the magnitude of the 
vertical component of deformation along the coast. Within the affected area, uplift 
ranged from about 12 centimeters to about 1 meter, and no subsidence was observed. 
The observations are consistent with models of the tectonic deformation that results 
from buried slip on a shallow-dipping underthrust fault. 

T HE MEXICAN EARTHQUAKES OF 19 
and 21 September 1985 (surface 
wave magnitudes 8.1 and 7.5, re- 

spectively) ruptured a portion of the north- 
eastward dipping thrust fault lying between 
the Cocos Plate and the North American 
Plate under Mexico. Preliminary aftershock 
locations indicated that the combined rup- 
ture zone was about 240 km long and 70 krn 

wide, was elongated parallel to the trench 
axis but was landward of the trench, and was 
below the shoreline of the coasts of Michoa- 
c h  and Guerrero, Mexico ( I )  (Fig. 1).  The 
vertical component of tectonic deformation 
associated with the rupture produced a static 
offset in land level relative to mean sea level. 

In the absence of sea level gauges in the 
rupture area, we surveyed the vertical distri- 
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Fig. 1. The coast ofthe states ofMichoach and northern Guerrero, Mexico. The preliminary aftershock 
zones of the earthquakes of 19 and 21 September 1985, are outlined ( I ) .  Sites at which the intertidal 
organisms were surveyed are indicated by the letters A through J. The Cocos Plate forms the floor of the 
Pacific Ocean southwest of the Middle America Trench and is being thrust northeast under the North 
American Plate at the trench axis. The depth of the fault beneath the shoreline is about 20 to 25 
kilometers ( I ) .  

bution of intertidal organisms to document 
local deformation (2 ) .  Zonation of intertidal 

\ ,  

species is determined by biotic and abiotic 
factors that are ultimately related to tidal 
cycles (3, 4). In the high intertidal zone, 
duration of emergence may determine the 
upper limit of a sessile species' range because 
of desiccation and temperature stress. Sig- 
nificant u~ l i f t  will therefore induce mortal- 
ity among sessile species whose upper limits 
are determined by duration of emergence at 
low tide. Subsidence will introduce previ- 
ouslv su~ralittoral substratum into the-litto- , L 

ral zone, where it will be rapidly colonized 
by algae. The extent of either the resultant 
mortality or colonization will reflect the 
magnitude of the local vertical component 
of tectonic deformation. Darwin (5 )  used 
such evidence to infer uplift caused by the 
Chilean earthquake of 1835, and other in- 
vestigators (6)-have done so more recently. 

A 6-day survey indicated that uplift had 
caused mortality among intertidal orga- 
nisms. and evidence of this was wides~read 
throughout the epicentral region. Uplift- 
induced mortality was most obvious among 
macroalgae, both because algae were domi- 
nant space-holders in the intertidal and mor- 
tality was not always readily apparent in 
shelled invertebrates. Coralline algae were 
particularly good indicators of mortality be- 
cause they discolored rapidly after death (7). 
The preearthquake vertical range of some 
algal species exceeded the magnitude of 
uplift; thus both living and dead specimens 
could be found at each site. The vertical 
distance between these uppermost living 
and dead specimens was measured for cer- 
tain species at ten sites (Fig. 1, A-J) (8). 
This measurement gives an estimate of the 
vertical extent of mortality (VEM), and 
represents the difference in a species' upper 
intertidal limit before and after uplift. 

Measurements of the algal mortality that 
resulted from coastal uplift associated with 
the earthquakes are shown in Table 1. The 
northernmost site. Maruata. showed no 
large-scale mortality and is therefore consid- 
ered to lie beyond the uplifted zone. Farther 
south. there was evidence of wides~read 
mortality among both the crustose corallines 
(Fig. 2a) and the articulated corallines (Fig. 
2b), as well as among species of Gradaria) 
Ra&ia, Padina) Chaetomorpha, and Clado- 
phora. The VEM exceeded 60 cm at Caleta 
de Campos (site C) and decreased north and 
south of this site. The VEM was smallest at 
the southern sites (sites F-J), where most 
values were less than 25 cm. We were unable 
to determine the southern boundary of the 
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uplifted zone since mortality was observed 
at the southernmost site visited. No evi- 
dence of subsidence was seen at any coastal 
site within the rupture zone. 

Variation was observed in the VEM of 
the crustose corallines from three different 
habitats at Caleta de Campos (sites C1, C2, 
and C3 in Table 1 and Fig. 2). However, the 
VEM of the articulated corallines from two 
of the three habitats (C1 and C2) did not 
vary substantially. The largest VEM of crus- 
tose corallines in the three habitats surveyed 
at Caleta de Campos (C2) is comparable 
with that of articulated corallines from both 
C1 and C2. Apparently there are factors 
independent of uplift that can reduce the 
measured VEM of crustose corallines. 
Therefore, in the absence of confirming 
evidence, the VEM of the crustose corallines 
could be regarded as a lower bound on the 
amount of uplift. However, the consistency 
of the measurements at most sites indicates 

that the magnitude of uplift is generally well 
represented by the VEM. 

These data constitute a consen7ative esti- 
mate of the absolute magnitude of vertical 
displacement associated with the earth- 
quakes. Alternative explanations of the ob- 
served intertidal mortality can be discount- 
ed. Seasonal changes in species distribution 
and abundance, or a series of daytime ex- 
treme low tides cannot account for the 
observed mortality. Mortality from these 
causes would be expected to have occurred 
at Maruata as well as at the other sites, and 
none was observed there. 

Our findings are consistent with prelimi- 
nary interpretations of accelerograms of the 
earthquakes that were recorded at five loca- 
tions above the rupture zones (1) and that 
indicate about 90 cm of uplift at Caleta de 
Campos, with less uplift at La Villita and La 
Union (9). 

Our observations can be explained by 
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Fig. 2. The VEM along the Michoacb-Guerrero coast for (a) the crustose corallines and (b) the 
articulated corallines. Stippled bars represent the median value of three replicate measurements. Vertical 
lines at the top of the bars represent the range of observations. Values from the different habitats at site 
C are shown as stippled bars with a common base. 

Table 1. Measurements of the vertical extent of mortality (VEM) at ten sites along the Michoacb- 
Guerrero shoreline. Site identification letters refer to locations shown in Figs. 1 and 2. At Caleta de 
Campos, three habitats that dffered in exposure to wave action and in substrate orientation were 
surveyed. These sites are denoted by subscripts on the site identification letter: C1 was on the exposed 
(seaward facing) portion of a mole, C2 was on the protected side of the mole, and C3 was from a nearby 
sea-cliff fronted by a sandy beach. For each organism, the range of three replicate obsen~ations is shown 
(8) .  

VEM (cm) 

Site Place name Cmstose Articulated Gracilaria 
corallines cor&nes SP. 

Maruata 
K105 
Caleta de Campos 
Caleta de Campos 
Caleta de Campos 
K39 
Las Penas 
Las Penitas 
Zihuatanejo 
La Barrita 
Playas de Papanoa 
Puerto Escondido 

models of the elastic deformation of the 
earth resulting from buried slip on shallow- 
dipping thrust faults (10, 11) that have been 
elaborated with data from several previous 
large buried thrust earthquakes (6, 12). 
Models show a region of surficial uplift 
directly above the rupture plane; near the 
down-dip limit of rupture is a hinge line, 
and an area of subsidence occurs farther 
inland. Subsequent to a large earthquake, 
aseismic after-slip may occur down-dip of 
the coseismic rupture zone, causing gradual 
uplift in the vicinity of the original hinge 
line and subsided area. 

Distance to the hinge line has a first-order 
effect on the amount of coseismic uplift. The 
decreasing uplift from sites C to F may 
result primarily from this effect. However, 
other factors may also contribute to the 
observed pattern. Uplift due to the 19 Sep- 
tember earthquake (most likely sites A-G) is 
not directly comparable with uplift resulting 
from the 21 September earthquake (most 
likely sites G-J) because the source mecha- 
nisms and locations of the two earthquakes 
differed. Other processes that may affect the 
distribution of observed u~ l i f t  include vari- 
able coseismic slip, differences in rheologic 
properties, and variable dip angles of the 
subduction thrust fault depending on loca- 
tion along the Michoacin and Guerrero 
coast (13). 

  he‘ region of greatest observed uplift is 
marked by flights of uplifted marine terraces 
(14), which are often associated with long- 
term coastal uplift in a subduction setting 
and may represent residual uplift resulting 
from periodic large earthquakes on the un- 
derlying megathrust (1 1, 15). In addition, 
active subsidiary faults in the upper plate 
might be involved in producing long-term 
u~ l i f t  1161. Because we did not obsenie 
sirface' faklting and because the ground 
accelerations recorded in the epicentral area 
are generally low (1, 17), the influence of 
subsidiary faulting in the production of the 
raised marine terraces in Michoacin is prob- 
ably negligible. 

Our obsen7ations have limited Dower to 
resolve the timing of the uplift. Because our 
measurements agree closely with the acceler- 
ograph record at Caleta he Campos, it is 
likely that most of the observed uplift at this 
site occurred coseismically. However, it is 
possible that the uplift bbsen~ed at sites 
closer to the hinge line (that is, along the 
Guerrero coast) may have occurred as a 
result of early postseismic readjustments. 
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Transition State Analogs as Ligands for Affinity 
Purification of Juvenile Hormone Esterase 

Insect juvenile hormones are metabolized in numerous species of caterpillars by low 
abundance, highly specific esterases. Because of their role in regulating and possibly 
disrupting juvenile hormone titer and thus insect metamorphosis, they are of interest 
to developmental biologists as well as scientists interested in selective insect control. 
However, the enzymes have defied attempts to purify and characterize them. Juvenile 
hormone esterase activity can be inhibited by a variety of 3-substituted 1,1,1- 
trifluoropropanone sulfides. These apparent transition state analogs were used as 
ligands and eluting agents to purify juvenile hormone esterase from four insect species 
from 500-fold to over 1000-fold in high yield. After elution from the affinity column, 
the enzymes were radiolabeled with paraoxon and analyzed by electrophoresis, and the 
results demonstrate a high degree of purity. Transition state analogs may be useful for 
the &ity purification of other enzymes. 

I N HOLOMETABOLOUS INSECTS A PRE- 

cipitous decline in the titer of juvenile 
hormone (see structure in Fig. 1) initi- 

ates a series of developmental changes re- 
sulting in metamorphosis to a pupal and 
then to an adult stage. In the lepidopterous 
species studied, it appears that this reduction 
in hormone titer is due to a decreased rate of 
biosynthesis as well as a dramatic increase in 
highly active and specific enzymes that hy- 
drolyze the methyl ester of juvenile hormone 
( I ) .  There has been interest in purification 
of these regulatory enzymes for a number of 
years as probes for the further understand- 
ing of insect metamorphosis and as a target 
for molecular approaches to the control of 
destructive insect pests. Since the maximum 
concentration of juvenile hormone esterase 
in the blood is in the low micromolar range 
(2), and since insect blood is difficult to 
obtain in large amounts, the isolated enzyme 
was never obtained in sufficient amounts for 
characterization. No attempts have been 
made to purify the enzyme from the key 
pests in the Helwtbic complex or from strains 
of the silk moth Bombyx mori, which is 
widely used by developmental biologists. 

The development of p o w e h l  and selec- 
tive inhibitors for juvenile hormone esterase 
has proved useful for investigating both the 
biochemistry and the biological role of the 
enzyme. For instance, selective inhibition of 
juvenile hormone esterase results in mainte- 
nance of juvenile hormone titers and the 
production of giant larvae (3). Among these 
inhibitors have been trifluoromethyl ketones 
(4, 5 ) ,  some of which exhibit slow tight- 
binding kinetics and react almost stoichio- 
metrically with the target enzyme (2, 6). 

The inhibitory mechanism proposed for 
these compounds is based on Pauling's idea 
(7) that a compound which even vaguely 
mimics a transition state should bind tightly 
to the enzyme. As increasingly p o w e h l  
enzyme inhibitors such as transition state 
mimics are developed, observations of time- 
dependent, yet reversible, inhibition kinetics 
are becoming more common (8). Both es- 
ters and ketones are similar in terms of many 
physicochemical properties, including reac- 
tivity toward nucleophiles. Substitution of 
some of the hydrogen atoms cr to the car- 
bony1 with fluorine enhances the electro- 
phile reactivity of carbonyls with a putative 
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serine at the catalytic site of esterases. This 
substitution should not jeopardize the affin- 
ity for the enzyme through steric hindrance, 
since both the hydrogen and fluorine atoms 
have very similar steric properties (molar 
refractivities of 1.03 and 0.92, respectively) 
(9) .  Thus, it is likely that these trifluoroke- 
tones act as "transition state analogs" with 
juvenile hormone esterase. 

Figure 1A shows the inhibition of crude 
juvenile hormone esterase by one such 
transition state analog, OTFP (3-octyl- 
thio-l,l ,  1-trifluoropropan-2-one). This 
compound, which has a molar refractivity 
very similar to that of juvenile hormone, is 
the most potent inhibitor yet reported for 
the enzyme from the cabbage looper, Tricho- 
plusia ni, with a dissociation constant of 
1.2 x 10-'OM (2). The less selective phos- 
phorylating agent paraoxon also is a power- 
ful inhibitor of juvenile hormone esterase. 
The irreversible inhibition caused by par- 
aoxon (Fig. 1B) supports the hypothesis 
that juvenile hormone esterase is a serine 
esterase and that the trifluoropropanones 
bind to the enzyme by a structure similar to 
the hydrated state of the trifluoropropanone 
in aqueous solution. 

The smooth inhibition curves in most spe- 
cies support the hypothesis that similar cata- 
lytic sites are responsible for most of the 
juvenile hormone hydrolysis in the hemo- 
lymph; however, the broken line in the case 
of Manduca sexta indicates that at least two 
distinct catalytic sites are involved (Fig. 1). 
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