
We analyzed these data under the as- 
sumption of uniform strain throughout 
the network (Fig. IB). Under this as- 
sumption. we determined the three inde- 

Reports pendent components of the strain tensor 
as a function of time (10)  in a coordinate 
system aligned with the local strike of 
the San Andreas fault. N6S0W. These 
components are epp and e n , ,  parallel and 
normal to the fault strike. respectively. 
and enp. the tensor shear strain corre- Observations of Strain Accumulation Across the San Andreas sponding to a right-lateral sense of dis- 
placement across the fault. Also shown 
in Fig. 1 is the dilatation. o r  areal expan- 

Fault Near Palmdale, California, with a Two-Color Geodimeter 
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sion of the network, which is the sum 
Epp A En,. 

We also considered the possibility that 
strain did not accumulate homogeneous- 
ly in the network. If the strain change is 
inhomogeneous within the Pearblossom 
network. then one would expect data 
from different subnetworks to yield sig- 
nificantly discordant results. The San 
Andreas fault defines an obvious divi- Studies of crustal deformation near 

Palmdale, California, reveal enigmatic 
pattern\ of strain accurnulation and LIP- 
lift. Particularly well known is the Palrn- 
dale bulge ( I ) ,  in which the t o u n  of 
Palmdale reportedly rose 18 cm relatibe 
to Saugus, about 42 km to the southwest, 
betaeen May and October 1961 (2).  AI- 
most as spectacular and unexpected was 
the discovery that during a 7-month peri- 
od beginning in February 1979 the Palm- 
dale trilateration network. straddling the 
San Andreas fault (Fig. IA). underwent 
an areal expansion. o r  dilatation, of near- 
ly ?. ppm (3 ) .  

These examples of anomalous aseis- 
mic deformation are as  controversial as  
they are remarkable. Geophysicists are 
debating the details, and perhaps the 
reality, of both the Palmdale bulge ( 4 )  
and the areal expansion ( 5 ) .  Although the 
anomalous crustal deformation has oc- 
curred without notable seismicity. these 
episodes are important because they 
might somehow foreshadow a repeat of 
the 1857 earthquake of magnitude 8Y-1 
(6) :  the 400-km zone of rupture for this 
earthquake included most of the portion 

of the San Andreas fault shown in Fig. 
1A (7) .  Thus it is imperative to obtain 
new and more detailed information about 
patterns of strain accumulation in the 
Palmdale area. Accordingly. late in 1980 
we began to measure distances with a 
two-color Geodimeter (8 )  to determine 
the crustal deformation near Pearblos- 
som. California (Fig. IA). In this report 
we describe our results and compare our 
new findings with those based on less 
frequent trilateration measurements 
made with a single-color laser Geodime- 
ter during the last 10 years within the 
Palmdale network (9). about 40 km 
northwest of Pearblossom (see Fig. IA). 

Our Pearblossom network has 13 mon- 
uments radially distributed at distances 
between 3 and 8 km from the observa- 
tory. which is situated on a ridge several 
kilometers northeast of the San Andreas 
fault. Typically, the network has been 
surveyed twice a week. except during 3 
weeks in October 1981 when the two- 
color Geodimeter was broken down. 

A total of 1583 baseline measurements 
were made between 1 November 1980 
(1980.83) and 6 February 1987 (1982.10). 

sion into two subnetworks for which 
disparate results might seem likely: 
Pearblossom northeast, consisting of the 
five lines to the northeast of the fault in 
Fig. IB. and Pearblossom southwest. 
consisting of the eight fault-crossing 
lines in Fig. IH. Table 1 shows the 
secular strain rates (10) that best fit the 
data for the Pearblossom network and 
the subnetworks. None of the compo- 
nents for either of the subnetworks dif- 
fers appreciably from those for the entlre 
network. Accordingly. we retain our as- 
sumption of homogeneous strain accu- 
mulation (11)  throughout the network. 

The components of the strain tensor 
change differently in time (Fig. IC). The 
tensor shear component E , , ~  generally 
increases at an average rate (Table 1) of 
about 0.16 ppm/year. However, from the 
first to the second half of the 15-month 
period of observations. the average rate 
for enp increases from 0.06 to 0.25 ppmi 
year (Table 1 and Fig. IC). Thus, al- 
though e,, accumulates monotonically. 
its rate appears to vary with time. 

The normal component of strain en, 

Table 1 Str'i~ri ~ d t e \  In the I-'e,~~hlossom and Palmd'ile netnorhs 
- - 

Azimuth 
of € 1  

Pecirblossom 
Pearblo5soni 

northea3t 
Pedt blossom 

southnest 
Pe'irblossoni 
Pearblo3~,oni 
P'ilmddle 
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Fig. 1 .  (A) Map showing key tectonic features near Palmdale, California. (B)  Pearblossom 
network. (C) Components of the strain tensor as a function of time plotted generally at 2-week 
intervals. Also shown is the dilatation, E,, + E,,. 

has a secular rate (Table 1) that is nearly 0.10 ppmlyear (12). However, the aver- 
zero, but this component shows large age rate is time-dependent; for example, 
departures from its secular trend (Fig, had the observational period ended 1 
IC). Notable episodes are an extension month earlier, the secular rate of de- 
of - 0.5 ppm normal to the fault in 
November 1980, followed by nearly as 
much contraction during December, and 
a contraction of - 0.4 ppm from mid- 
February to April 1981, followed by 
about the same amount of extension over 
the next 2 months. During the latter half 
of the observational period en, has 
shown only minor fluctuations. 

The parallel strain component epp ex- 
hibits smaller short-term fluctuations 
than en, (Fig. 1C) but has a substantial 
secular rate. The secular rate is time- 
dependent; it is high and contractional 
during the first half of the observation 
period and low and extensional during 
the second half (Table 1). Some of the 
deviations of ePp from its secular trend 
are in phase with those of en, and others 
occur when there is no noticeable fluctu- 
ation in E,,. For example, both compo- 
nents increased during November 1980, 
resulting in a marked episode of dilata- 
tion; but the largest fluctuation of epp, 
from mid-August to mid-September 
1981, was not accompanied by a detect- 
able change in en,. 

The sum en, + e,,, o r  the areal dilata- 
tion (Fig. lC) ,  indicates short-term fluc- 
tuations at peak rates as  high as  about 8 
ppmlyear for periods of a month and a 
secular decrease at an average rate of 

crease would have been 0.22 ppmlyear 
(13). 

Our results and the results from the 
Palmdale network (9) have several fea- 
tures in common. (i) In both studies en, 
was found to accumulate monotonically, 
and the secular rate of this component 
for the Palmdale network from 1971 to 
1980 is essentially the same as that found 
for the Pearblossom array (Table 1). (ii) 
Since the remarkable expansion of the 
Palmdale network in 1979, there have 
been several episodes of expansion and 
contraction (3, 9) with strain amplitudes 
comparable to those observed in the 
Pearblossom network during November 
1980 and March and April 1981 (Fig. 1C). 
(iii) The secular principal strain rates and 
directions determined for the Pearblos- 
som network are similar to those for 
Palmdale during the period from 1971 to 
late 1980. Thus the strain observations at 
Pearblossom are similar in most essential 
aspects to those made over the Palmdale 
network. 

Because our measurements were 
made more frequently and with higher 
precision than those in previous studies, 
our results indicate that the strain in the 
vicinity of Pearblossom has more vari- 
ability than was formerly thought. It 
remains to be seen whether these im- 

provements in resolving strain accumu- 
lation will help to answer some of the 
essential questions regarding the me- 
chanics of anomalous strain episodes 
and their possible relation to future great 
earthquakes. 
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Crypts Are the Site of Intestinal Fluid and Electrolyte Secretion 

Abstract. The site of adenosine 3',5'-monophosphate-mediatedjuid and electro- 
lyte secretion across mammalian large intestine was found to be the crypts of 
Lieberkuhn by means of two techniques. First, the formation o f j u id  droplets was 
visualized on the oil-covered mucosal surface directly over crypt duct openings when 
secretion was stimulated. Second, microelectrode impalement of individual surface 
and crypt cells revealed that only the crypt cells produced a pattern of secretagogue- 
induced alterations in membrane potential and resistance that was characteristic of 
secretory epithelia. 

The large intestine of mammals dis- 
plays morphologic heterogeneity, con- 
sisting of two distinct structural regions: 
the surface epithelium and the crypts (I). 
The surface epithelium is composed pri- 
marily of columnar epithelial cells, 
whereas the epithelial cells and goblet 
cells (in a ratio of approximately 3 to 1) 
of the crypts surround a central duct that 
opens onto the mucosal surface. The 
intestine also shows functional heteroge- 
neity. Colonic mucosa absorbs salt and 
water by way of an electrogenic Na' 
transport process that is stimulated by 
aldosterone (2) and inhibited by amilor- 
ide (3). In contrast, salt and water secre- 
tion results from the activity of an elec- 
trogenic C1- transport process that is 
stimulated by adenosine 3',5'-mono- 
phosphate (cyclic AMP) or agents that 
increase cellular cyclic AMP content (for 
example, theophylline, prostaglandin E2, 
cholera toxin, or vasoactive intestinal 
peptide) (4). 

Studies of the electrophysiology of the 
surface cells of rabbit descending colon 
have disclosed the presence of electro- 
genic Na' absorption (5), but the site of 
electrogenic C1- secretion remains unre- 
solved. Indirect evidence, derived pri- 
marily from studies of mammalian small 
intestine, suggests that the crypts are 
responsible for cyclic AMP-induced flu- 

alter the secretory response to cholera 
toxin (6). (ii) Exposure of rabbit jejunum 
to cycloheximide elicited morphologic 
changes in the crypt cells and inhibited 
secretion without affecting glucose ab- 
sorption or the morphology of the villus 
cells (7). (iii) Brief exposure of rat or 
hamster jejunum to cholera toxin in- 
creased the concentration of cyclic AMP 
in villus cells and inhibited electrolyte 
absorption, whereas a prolonged expo- 
sure to the toxin was required to increase 
the cyclic AMP content of crypts and 
elicit electrolyte secretion (8). (iv) Gall- 
bladder and flounder intestine display 

Fig. 1. Light micro- 
graph of colonic mu- 
cosa, in vitro, looking 
down on the mucosal 
surface. The serosal 
surface was continu- 
ously perfused with 
Ringer solution con- 
taining (in millimolar 
concentrations): Na, 
143; K,  5.4; Ca, 1.2; 
Mg, 1.2; CI, 123.7; 
HCO,, 24; HP04,  2.4; 
H2P0,, 0.6; and glu- 
cose, 10. This solu- 
tion was aerated with 
95 percent O2 and 
5 percent C 0 2  and 
maintained at 37°C. 

electrolyte absorptive processes that are 
mechanistically similar to those of mam- 
malian small intestine, but these tissues 
contain no crypts and do not secrete in 
response to cyclic AMP (9) .  

In the present study, we used two 
direct techniques to identify the site of 
intestinal fluid and electrolyte secretion. 
We used rabbit descending colon in vitro 
as the experimental preparation because 
the absorptive and secretory processes 
have been well characterized and be- 
cause the flat-surface epithelium and the 
crypts can be visualized separately. The 
tissue was stretched across a Lucite 
holding ring yielding an exposed tissue 
area of 1 cm2 and mounted, mucosal 
surface up, on a microscope stage where 
it was examined with a Nikon phase- 
contrast microscope. The mucosal sur- 
face was dried and covered with oil while 
the serosal compartment was perfused 
with Ringer solution. As shown in Fig. 
IA, the crypts and semitransparent sur- 
face epithelium can be readily distin- 
guished. 

Stimulation of secretion by addition of 
prostaglandin E2 (PGE2) to the serosal 
perfusate resulted in the appearance of 
small droplets of fluid on the mucosal 
surface (Fig. 1B). The droplets always 
appeared over the crypts. Fluid droplets 
could not be visualized over all crypts at 
all times. In many instances the secreted 
fluid spread over the surface epithelium 
rather than standing up in the oil as a 
readily visible bubble. Thus, bubbles 
that were initially visible because of the 
interface contrast between the oil and 
water phases would become invisible as 
fluid spread over the surface. This was 
especially true when secretion had pro- 

id and electrolvte secretion. This evi- The mucosal surface was blotted gently with tissue DaDer and covered with a thin laver of water- . .. 

dence includes ihe following. (i) E ~ ~ ~ -  equilibrated parafin oil ( x  175). (A) ~onstimulated'tissue. The crypts, (d. crypt duit openings) 
can be seen lying beneath the semitransparent surface epithelium. (B)  Same area of tissue 10 sure Of rabbit jejunum hype*onic minutes after the addition of PGEz (IO-'M) to the serosal bathing solution. Note location of 

lutions damaged the villus cells and im- fluid bubbles (b)  over the crypt duct openings. The epithelium now appears slightly blurred . . 
paired glucose absorption but did not because the fluid droplets have been brought into focus. 
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