
The estimated GSTs from all the bore- 
holes are similar (Fig. 3). The record of the 
GSTs of the most recent hundred vears 
agrees with the trend of the average sukace 
air temperatures of the Northern Hemi- 
sphere (3) and that of central Ontario ( 1  6), 
the nearest region where century-long reli- 
able meteorological data are available. All 
three holes show a cold oeriod near the end 
of the 19th century, which is in agreement 
with tree-ring data from the United States 
and southwestern Canada (5). Tree-ring 
data from the high-latitude area of Canada 
and Alaska (1 7-19) also suggest such a cold 
period but with a temperature minimum 
about 50 years earlier. The two deeper 
holes, 022 and 024, show a less well re- 
solved older cold period -400 years ago, 
which agrees with what has been identified 
by historical and glacial studies as the Little 
Ice Age (20, 2 1). Because of the limitation 
imposed by borehole depths (shown on 
each curve) and the nature of heat diffu- 
sion, GST variations before A.D. 1500 
cannot be resolved with confidence. 

The land where the boreholes were 
drilled is low and flat in the south and 
higher and more rugged in the north, with 
an average difference in elevation of about 
70 m. Boreholes 022 and 024 are located in 
the flat low area; therefore, the topographic 
effect on the geothermal gradient is negli- 
gible. Hole 389 is at a higher elevation and 
on a south-facing slope. Stronger solar ra- 
diation on the slope causes the upper part of 
the temDerature orofile to be "bent" toward 
the warm side, which results in a higher 
mean surface temperature and an apparent 
slight warming trend in the GST. Because 
the sites that were investigated are covered 
by snow in winter, the annual mean GST is 
higher than that of the surface air temper- 
ature. 

The Lac Dufault paleotemperature re- 
sults are considered the most reliable that 
are available because of the unmatched 
aualitv of the thermal data. We have also 
siudied deep borehole data from another 19 
sites in Canada. Although conditions are - 
not as favorable at any of these sites as at 
Lac Dufault, GST estimates from most of 
them do show a cold period before the 
recent climatic warming. Five of the sites 
yield results nearly identical to those of Lac 
Dufault for the last 200 years. The GSTs 
from the two sites nearest Lac Dufault (Fig. 
4) substantiate the Lac Dufault results, 
although their uncertainties are larger. 

In order to determine whether the re- 
cent warming has been caused by human 
activities. we need to know whether the 
current temperature and the current rate of 
temperature increase are significantly above 
normal, that is, the average temperature 
and the average rate of temperature in- 
crease during the centuries or millennia 

before industrialization. Because of the de- 
crease in the resolution of GST back in 
time, we cannot assess the rate of increase. 
However, the long-term mean GST can be 
estimated, and this can be compared with 
the current temperatures. The deeper the 
borehole, the better is the mean GST that 
is determined, but our test using a 3-km 
hole shows that this value is robust if the 
borehole is deeper than 600 m. By a com- 
parison of temperatures only (Figs. 3 and 
4), the recent warming has indeed resulted 
in a temperature that is lo  to 2°C higher 
than average, but the warming is partially a 
recovery from a cold period. 
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Stress Diffusion Along the San Andreas Fault at 
Parkfield, California 

P. E. Malin and M. G. Alvarez 
Beginning in January 1990, the epicenters of microearthquakes associated with a 12- 
month increase in seismicity near Parkfield, California, moved northwest to southeast along 
the San Andreas fault. During this sequence of events, the locally variable rate of cumu- 
lative seismic moment increased. This increase implies a local increase in fault slip. These 
data suggest that a southeastwardly diffusing stress front propagated along the San 
Andreas fault at a speed of 30 to 50 kilometers per year. Evidently, this front did not load 
the Parkfield asperities fast enough to produce a moderate earthquake; however, a future 
front might do so. 

Since mid-1987, the microearthquake ac- 
tivity of the San Andreas fault near Park- 
field, California, has been monitored by the 
use of a ten-station network of borehole 
seismographs (Fig. 1, A and B) . This region 
has the potential for moderate earthquakes 
at some time in the next few years (1-3). On 
the basis of magnitude-distance statistics, 
the distribution of earthquakes detected by 
the network is complete to roughly magni- 
tude M = 0 near the center of the network 
and M = 0.25 overall (4). By the beginning 
of 1989, we had identified two seismically 
quiet patches of fault on which the future 
earthquakes might take place (4). The hy- 

Department of Geology Duke Unlverslty, Durham, NC 
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pocentral locations of earthquakes observed 
since 1989 have not filled in the two aseis- 
mic patches we found then. Instead, they 
have begun to define clusters of intense 
activity, particularly north of the network. 

Before 1990. the cumulative moments 
(effectively the sum of the fault areas times 
their slips) in the regions around the patches 
increased at roughly constant rates, with one 
exception, a large step in the cumulative 
moment produced by an M - 4 earthquake 
in May 1989, midway between Middle 
Mountain and Gold Hill. After the begin- " 
ning of 1990, the cumulative moment rates 
in the Parkfield area began changing as a 
function of both time and location. Between 
January 1990 and May 1991, we observed a 
rapid increase in the cumulative moment 
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Fig. 1. A map (A) and an along- 
fault cross sectlon (8) show~ng 
the trace of the Parkf~eld sect~on 
of the San Andreas fault (6) 
locat~ons of the borehole sels- 
mographs the ep~centers and 
hypocenters of 1952 mlcro- 
earthquakes detected between 
1 1 1988and5 1 1991 and the 
reg~onal boxes d~scussed In the 
text and subsequent f~gures 
The westward fann~ng of events 
In box 2 IS probably due to the 
lack of statlons and to the faster 
selsmlc veloc~t~es In thls reglon 
Only events on the San Andreas 
fault have been projected onto 
the cross sect~on The two 
shaded reglons lndlcate the ap- 
prox~mate outl~nes of the asels- 
mlc patches where moderate 
earthquakes m~ght take place In 
the future (4) Stat~on MM IS on 
M~ddle Mounta~n stat~on GH on 
Gold H~ll stat~on ST on Stock- 
dale Mounta~n and stat~on ED 
on Eades Ranch 

Fig. 2. The cumulat~ve mo- 
ments of Parkf~eld earth- 
quakes by reglon, ~llustrat- 
Ing the southward migra- 
t~on of earthquake-related 
fault s l~p described in the 
text The M - 4 event of 29 
May 1989 was removed 
from the moment contribu- 
tlon at the time shown by 
the vert~cal dotted Ihne. Ar- 
rows lndlcate the pro- 
posed stress diffus~on 
front 
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Time (month.year) 

. .  - . - 
4 2 1 , , , , , ,  
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Time (rnonth.year) I 

Fig. 3. (A) Earthquake magn~tudes along the San Andreas fault as a funct~on of lat~tude and tlme. 
(B) Magn~tude-lat~tude-time plot after contouring The magn~tudes of the events are represented by 
c~rcles of d~fferent slzes, w~th the May 1989 M - 4 earthquake be~ng the largest and M - 0 the 
smallest (see Fig 1, A and B). Arrows point out the proposed stress d~ffus~on front. 

around the seismically quiet patches, appar- 
ently beginning in the region northwest ot 
Parkfield and moving progressively southeast 
along the San Andreas tault. 

The cumulative moment of Parkfield 
earthquakes, between January 1988 and Sep- 
tember 199 1, increased discontinuously (Fig. 
2) (5). T o  see the southeastwardly propagat- 
ing rapid increase in cumulative moment, 
we grouped the cumulative moments into 
four regions, or "boxes" (Fig. 1A). Box 1 
contains all the events that took place off 
the San Andreas tault, most o t  which are 
located to the north and west o t  the bore- 
hole seismograph network. Boxes 2, 3, and 4 
divide the seismicitv on  the tault into north- 
em,  central, and southern segments, with 
box 3 containing the hypocenter o t  the 1966 
Parkfield earthquake. It appears that the 
rapid increase in  cumulative moment began 
in January 1990 in box 1. Subsequently, 
rapid increases in the cumulative moment 
began in box 2 in April 1990, in box 3 in 
September 1990, and in box 4 in January 
1991. The M - 4 event o t  May 1989, which 
occurred In box 4, was omitted from this 
analvsis because its moment was much lareer 
than' the full scale shown in Fig. 2 and'jts 
removal does not affect our conclusions. 

Our conclusions about the southeast- 
wardly moving episode of increased mo- 
ment and i m ~ l i e d  slio are not sensitive to 
our choice of boxes because other arrange- 
ments of their boundaries give the same 
results. T o  show this, and to highlight the 
movement of increased moment on  the San 
Andreas fault itself, we have plotted the 
earthquake magnitudes on  the tault (boxes 
2, 3, and 4) as a tunction o t  their latitudes 
and times o t  occurrence (Fig. 3A). To  
emphasize the characteristics of the in- 
creased slip episode, we have contoured this 
plot (Fig. 3B). The space-time distribution 
of magnitudes was smoothed so that a stable 
set of contours could be found. 

Like the regionalized cumulative mo- 
ments, the magnitude-latitude-time plots 
give an indication of earthquake-produced 
fault slip. O n  the contour plot, closely 
spaced contours imply rapid changes in slip. 
Before 1990, the slip rate at any given 
latitude was relatively constant, and the 29 
Mav 1989 M - 4 earthauake dominated 
the magnitude-latitude-time topography. 
Beginning in 1990, a period o t  quiescence, 
which varied with latitude. took d a c e  and 
lasted only a matter of weeks In the north 
(36" and to the north) and on the order of 
a year in the south (35'54' and to the 
south). In the contour plot, the onset of the 
earthquake sequence is indicated by closely 
spaced contours, which move to lower lat- 
itudes with increasing time. The episode of 
increased s l i ~  eenerallv lasted a few 

& ,, 

months, atter which the seismicity returned 
to its pre-1990 pattern. 
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In the present arrangement, box 3 cor- 
responds to the segment of the San Andreas 
fault with the greatest spatial clustering of 
microearthquakes, whereas boxes 2 and 4 
contain less clustering (Fig. 1, A and B) . In 
considering this difference, we have noted 
that the boundary between box 2 and box 3 
lies in the area of significant geological 
changes along the San Andreas fault (6, 7). 
These changes include (i) the appearance 
of Franciscan rocks in contact with the fault 
zone at the surface, which does not occur to 
the south; (ii) the northward merging of the 
Table Mountain fault and Parkfield syn- 
cline with the San Andreas fault; and (iii) 
the northern topographic termination of 
Middle Mountain. under which at least the 
last few moderate Parkfield earthquakes 
have taken place (1, 2, 8). To the north of 
this area, the San Andreas fault slips mostly 
bv creeo. whereas to the south the creeo . . 
rate declines, and slip on the fault is accom- 
modated mainly by moderate earthquakes. 
Thus, the clustering of microearthquakes in 
box 3 may be related to the geometric 
interaction of faults or fault segments that 
also juxtapose rocks of different mechanical 
properties north and south of this region. 

We propose that the episode of in- 
creased fault slio at Parkfield resulted from a 
stress diffusion process that originated 
somewhere below the seismically active re- 
gion northwest of Parkfield. This proposal 
stems from the observation that the chang- 
es in cumulative moment that began in 
1990 first took place in the northwest and 
then in the southeast. A linear fit across the 
contours in Fig. 3B suggests that the prop- 
agation speed of this process along the San 
Andreas fault is 30 to 50 kmlyear. This 
disturbance may not have originated on the 
San Andreas fault itself because the initial 
increase in earthquake-related slip took 
place outside of this fault zone (Fig. 2). 

The southeastward movement of earth- 
quake activity at Parkfield is not without 
precedent. A series of M r 4 foreshocks 
that evidentlv moved southeastward toward 
the location of the main shocks were asso- 
ciated with both the 1934 and 1966 Park- 
field M > 5 earthquakes (1, 8, 9). These 
foreshocks took place over the period of a 
couple of months and spanned 15 km of the 
fault, suggesting a stress disturbance that 
propagated at speeds of 60 to 100 kmtyear. 
Stress disturbances with propagation speeds 
even larger than these-approximately 100 
to 200 kmtyear-have also been suggested 
for event sequences that have been ob- 
served in Turkey and China (1 0, 1 1). 

We have considered our observations in 
the light of a mechanical model for stress 
diffusion along a rupturing plate boundary 
like that of the San Andreas fault (12). In ~, 

the stress diffusion model, the critical pa- 
rameter is the propagation speed of the type 

of deformation front that drives the mi- than three stations. The station moment for each 
event was calculated by integrating the S-wave crOearthquake displacement and velocity spectra over frequen- 

of stress relaxation below the seismogenic cy and by assuming that the resulting values fit a 
zone of a rupturing boundary indicates that frequency-squared model of the earthquake 

source. Summing these moments as a function of 
when the diffusion are reduced time yields the curves in Fig, 2, For reference to 
to less than 100 to 200 km/year by overlying this method. see D. J. Andrews lin Earthauake 
fault asperities (strong inhomogeneities in Source ~echanics,  K .  Aki and P. iichards, '~ds . ,  

fault strength), the result is elastic loading American Geophysical Union Monograph 37 
(American Geophysical Union, Washington, DC, 

of these features (12). In our model, the I Q R G ) ~  . -. -. - , , . 
rate of this loading would be oro~ortional to 6. J. D. Sims, U.S. Geol. Surv Misc. Field Studies " . L 

the rate of the fault's microearthquake ac- 
tivity and the trend of the cumulative 
moment. Continued monitoring of the 
magnitude-latitude-time character of mi- 
croearthquakes might thus detect a loading 
event that could cause the next moderate 
Parkfield earthquake. 
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Electron-Tunneling Pathways in Cytochrome c 

Deborah S. Wuttke, Morten J. Bjerrum," 
Jay R. Winkler, Harry B. Grayt 

Distant Fe2+-Ru3+ electronic couplings have been extracted from intramolecular electron- 
transfer rates in Ru(histidinex) (where X = 33, 39, 62, and 72) derivatives of cytochrome 
c. The couplings increase according to 62 (0.0060) < 72 (0.057) < 33 (0.097) < 39 (0.1 1 
per wave numbers); however, this order is out of line with the histidine to heme edge-edge 
distances [62 (14.8) > 39 (12.3) > 33 (1 1.1) > 72 (8.4 angstroms)]. The rates (and the 
couplings) correlate with the lengths of a-tunneling pathways comprised of covalent bonds, 
hydrogen bonds, and through-space jumps from the histidines to the heme group. Space 
jumps greatly decrease couplings: One from Pro7' to Metso extends the a-tunneling length 
of the His7* pathway by roughly 10 covalent-bond units. 

Both  theoretical (1-1 I) and experimental 
(1 1-1 6) studies have indicated that varia- 
tions in distant electronic couolings could . " 
play a major role in controlling the rates of 
electron transfer (ET) through proteins. 
The most attractive theoretical formula- 
tions are ones that explicitly include the 
structure of the intervening polypeptide 
(4-1 1); of these, the Beratan, Betts, and 
Onuchic (BBO) coupling maps (4) have 
proved particularly useful in designing ex- 
oerimental svstems for studv. In the BBO 
map for cytochrome c, there are several 
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regions on the protein surface where the 
calculated couplings to the heme are sub- 
stantially different from those given by an 
exponential-decay-with-distance model (4). 
A main goal of our work on Ru(bpy),(im) 
(HisX)'+ (bpy is 2,2' bipyridine, im is imid- 
azole) derivatives (1 7) of structurally engi- 
neered cytochromes c is to develop an ex- 
perimentally validated coupling map for this 
protein. Here we report on four regions of 
the map (X = 33, 39, 62, and 72). 

Histidines 33, 39, 62, and 72 [33 (horse 
heart) (1 7); 39 (Candlda krusei) (1 8); 62 
(genetically engineered Asn6' -, His Sac- 
charomyces cereuisiae) (1 9) ; and 72 (semisyn- 
thetic Lys7' --+ His horse heart) (20)] (Fig. 
1) were modified by the Ru(bpy),(C03)-im 
procedure (1 7) to give Ru(bpy), (im) (HisX)- 
protein derivatives (2 1). Intramolecular ET 
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