
lanches that are included in a recent 
inventorv of landslide dams (1 0). These ~, 

29 rock avalanches were triggered by 
earthquakes of magnitudes 6.0 or greater 
(4). Thus, while rock avalanches have 
diverse origins, a significant number of 
them are caused by earthquakes. (iii) In 
New Zealand, the distribution of lakes 
dammed by landslides has approximated 
the locations of shallow earthquakes of 
magnitude 6.5 or greater (1 1). 

The rock avalanches that formed Jeffer- 
son, Lower Dry Bed, and Spider Lakes, and 
perhaps Lena Lake, provide evidence that 
strong shaking accompanied abrupt tectonic 
displacement in western Washington. Simi- 
larities in radiocarbon age, summarized in 
figure 1 of ( I ) ,  permit correlation of these 
avalanches with displacement that has been 
inferred for one or more structures: the nearby 
Saddle Mountain East fault; the Seattle fault, 
about 75 km awav; and the boundarv between 
the subducting ]'"an de Fuca plate and the 
overriding North America plate, 100 to 200 
km to the west. Similarities in age also permit 
correlation with block slides 1000 to 1100 
years ago into Lake Washington, near Seattle 
(1 2). Taken together, these correlations dem- 
onstrate that large prehistoric earthquakes 
occurred in the Puget Sound region. 

REFERENCESANDNOTES 

1. R. C. Bucknam, E. Hemphill-Haley, E. B. Leopold, 
Science 258, 161 1 (1 992). 

2. B. F. Atwater, J. Geophys. Res. 97, 1901 (1992). 
3. and A. L. Moore, Science 258, 1614 

(1 992). 
4. A study of the classes of landslides caused by 40 

major historic earthquakes has estimated minimum 
Richter magnitudes (M,) required for triggering var- 
ious types of landslides: (i) ML 2 4.0: rock falls, rock 
slides, soil falls, and disrupted soil slides; (ii) M, 2 
4.5: soil slumps and soil block slides; (iii) ML 2 5.0: 
rock slumps, rock block slides, slow earth flows, soil 
lateral spreads, rapid soil flows, and subaqueous 
landslides; (iv) ML 2 6.0: rock avalanches, and (v) 
M, 2 6.5: soil avalanches [D. K. Keefer, Geol. Soc. 
Am. Bull. 95, 406 (1984)l. 

5. R. W. Tabor and W. M. Cady, U.S. Geol. Surv 
Misc. Inv. Ser. Map 1-994 (1 978). 

6. The lack of preserved bark on the dated parts of 
the drowned trees precluded precision tree-ring 
cross-dating of the year of tree death. 

7. Geographic coordinates: Hamma Hamma River 
rock avalanche, 47"35.8g1N, 123"8.72'W; 
Lake Cushman rock avalanche, 47"29.87'N, 
1291 8.601W. 

8. The calibrated ages ( 2 ~  range) were derived from 
the conventional radiocarbon ages by means of a 
computer program [M. Stuiver and P. J. Reimer, 
Radiocarbon 28, 1022 (1986)l using a laboratory 
error multiplier of 2. As used in the text, "years 
ago" refers to years before 1990. 

9. L. L. Noson, A. Qamar, G. W. Thorsen, Wash. Div. 
Geol. Earth Res. Inform. Circ. 85 (1 988). 

10. J. E. Costa and R. L. Schuster, U.S. Geol. Sun/. 
Open-File Rep. 9 1-239 (1 991). 

11. N. D. Perrin and G. T. Hancox, Proceedings of the 
6th International Symposium on Landslides, 
Christchurch, New Zealand, 10 to 14 February 
(Balkema, Rotterdam, 1992), vol. 2, p. 1457. 

12. G. C. Jacoby, P. L. Williams, B. M. Buckley, 
Science 258, 1621 (1992). 

13. Reported ages (14C year B.P.) are conventional 
radiocarbon ages, corrected for the measured 

i3C/12C ratio with 1 standard deviation in the age 14. We would like to thank B. F. Atwater and R. F. 
derived from statistics of counting radioactive Madole for critical reviews. 
disintegrations. Ages are reported with respect to 
1950 A.D. 24 July 1992; accepted 22 October 1992 

Tree Ring Correlation Between Prehistoric 
Landslides and Abrupt Tectonic Events 

in Seattle, Washington 

Gordon C. Jacoby, Patrick L. Williams, Brendan M. Buckley 
Radiocarbon ages of submerged trees on landslide deposits in Lake Washington, Seattle, 
indicate that the most recent slides in three separate areas may have occurred simulta- 
neously about 1000 years ago. Tree ring crossdating shows that seven bark-bearing trees 
from one of these recent slides and a tree 23 kilometers to the northwest in a probable 
tsunami deposit on the shore of Puget Sound died in the same season of the same year. 
The close coincidence among the most recent lake landslides, a probable tsunami, abrupt 
subsidence, and other possible seismic events gives evidence for a strong prehistoric 
earthquake in the Seattle region. 

Although most landslides are not seismic 
in origin, they sometimes can be triggered 
by seismic events. In this report we describe 
and date landslides in Lake Washington 
using drowned trees and suggest that recent 
landslides, possibly concurrent at three 
sites, were induced by an earthquake. Lake 
Washington, situated within metropolitan 
Seattle [see map in (I)], contains areas 
where forested uplands recently slid into 
the water. Trees were removed from the 
lake as navigational hazards in 1919 (2). 
The removed trees were primarily Douglas 
fir [Pseudotsuga menziesii (Mirb.) Franco]. In 
all, 149 trees were removed from southeast 
of Mercer Island, 26 west of Mercer Island, 
and 11 near Kirkland. All of these trees 
were in water from between depths of 20 
and 40 m. Later, Gould et al. (3) sampled 
trees rising from a landslide bench near 
Kirkland, at a depth of 30 m and 200 m 
from shore. A radiocarbon age of the outer 
wood from one of the trees indicated that 
the landslide occurred sometime between 
800 and 1400 years ago (4). Drowned trees 
are still numerous enough to have attracted 
log-salvage endeavors in 1991 and to pro- 
vide an opportunity to date the landslides 
and to evaluate whether they occurred at 
the same time. 

To compare the ages of other trees and 
slides with the Kirkland date. we focused 
our study on the age and morphology of 
landslides near Mercer Island. Side-scan- 
ning sonar surveys revealed that three large 
slide lobes were located within 1.3 km 

along the shore of southeastern Mercer 
Island. The slides measure as much as 500 
to 750 m from head scaru to toe. Individual 
trees, block and crevasse features, and zones 
of disrupted lake bottom were evident in 
the images. The slides are bounded on some 
perimeters by boulders and aprons of small 
debris. Bathymetric lobes in the lake corre- 
spond closely to these landslide features 
(5). Above the lake level, the slides exhibit 
40- to 50-m-high head scarps that slope 40" 
to 45O toward the lake. Zones of laree-scale - 
hummocky ground also delineate the slide 
areas. The slides traveled 200 to 400 m into 
the lake, and the elevation drop between 
the head scarp tops and upper surfaces of 
the submerged slide masses is about 100 to 
120 m. 

Although many small-scale landslides 
are also present in the area, historical 
documents (6, 7) record no landslides in 
the Seattle area or the Puget Sound low- 
land as laree as the ancient slides in Lake 
washingto\. Landslides have been associ- 
ated with historical earthquakes in the 
Puget Sound region (6, 8). All were small 
except for a thin 800-m section of a 
near-vertical bluff that fell into the Taco- 
ma Narrows a few days after the 1949 
earthquake (8). 

Conventional radiocarbon measure- 
ments of outer rings of four trees from 
landslide lobes southeast of Mercer Island 
and of one tree from a slide west of Mercer 
Island yielded ages of 1000 to 1300 years 
ago (9). These ages are indistinguishable, 
within radiocarbon errors, from the date 
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iades, NY 10964. * 
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for landslides at about 1550 to 1850,"2fi0 
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SCIENCE VOL. 258 4 DECEMBER 1992 1621 



Fig. 1. Outer rings of two trees that died 894 to 
997 A.D. (13, 16). (A) Sample SMB-28 is from a 
landslide in Lake Washington, Seattle, south- 
east of Mercer Island. (B) Sample 220392A is 
from an excavation at West Point, 23 km north- 
west of the Mercer Island site. The excavation 
exposed the tree on a probable tsunami sand 
deposit that showed evidence of abrupt sub- 
sidence of at least 1 m [see (16)l. Tree ring 
crossdating indicates that seven bark-bearing 
trees, including SMB-28, from Lake Washington 
and the West Point tree all died in the same 
year and that the last rings of all eight trees 
show full development of latewood but no initi- 
ation of the next year's growth. Therefore all 
trees also died in the same season. The nar- 
rower rings of SMB-28 are magnified two times 
more than 220392A for comparison of the last 
latewood cells. Note the partial collapse of the thin-walled earlywood cells as a result of incipient 
decay in the West Point sample. 

because they were measured on heartwood 
rings formed decades before the trees were 
killed by submergence in the lake. Outer 
sapwood rings had decayed away (I I). The 
agreement in dates from the recent slides 
at three locations raises the possibility that 
they were triggered by a common mecha- 
nism. To improve the dating, two high- 
precision dates were obtained for one tree 
from a slide southeast of Mercer Island 
(12). Two 15- or 16-vear blocks were . , 

analyzed from the outer and center por- 
tions, respectively, of a cross section with 
outer rings and bark intact. The tree 
section had 236 rings, and therefore the 
centers of the two blocks were about 221 
years apart. The 15-year outer block age 
ranee was 891 to 997 A.D. after calibra- u 

tion (2u range). The range of ages for the 
16-year inner block, after calibration and 
adding the 221 years to each value, was 
894 to 1007 A.D. (2u range) (13). The 
mutual age range of 894 to 997 A.D. is the 
best age estimate for a triggering event; 
more cautiously it is described as about 
1000 to 1 I00 years ago. In addition to the 
Lake Washington slides, radiocarbon 
dates of about 1000 to 1350 years ago were 
obtained from two other sites 70 km to the 
west, where it is hypothesized that drain- 
age was blocked by movement of the 
Saddle Mountain fault (1. 14). The cor- . , 
respondence of Lake Washington land- 
slide dates with ages for abrupt subsidence 
along the Pacific Coast (15), uplift (I), 
subsidence and tsunami (16), and rock 
avalanches (1 7) suggests that there was a 
seismic trigger [see figure 1 of (I)]. 

Despite this apparent coincidence, and 
in consideration of the uncertainty of even 
high-precision radiocarbon dating, tree 
ring analysis is required to confirm that the 
events were simultaneous. We therefore 
studied the ring-width patterns of samples 
from the submerged trees off Mercer Is- 
land. All of our samples from Lake Wash- 

ington with enough size and preservation 
for tree ring analysis are from Douglas fir. 
Although much of the wood is well pre- 
served. outer sa~wood is decaved awav 
from most of the standing trees and logs, 
except where the trunks were buried in 
landslide deposits (I I). Southeast of Mer- 
cer Island seven samples were recovered by 
a barge crane, with full sapwood out to the 
bark year on some portion of the circum- 
ference. A typical number of sapwood 
rings is about 45. Full cross sections cut 
from these trees provided us with enough 
rings for positive crossdating (18) and 
revealed the anatomy of the last growth 
ring before the trees died as a result of 
submersion (Fig. 1A). Crossdating was 
achieved by measuring all of the individ- 
ual annual ring widths from multiple radii 
(two to four) for each tree sample and by 
making statistical comparisons between 
these and samples obtained by SCUBA 
(19) diving. The statistical crossdating 
was then verified by direct microscopic 
comparison between each individual radi- 
us examined (1 8). Ring-width crossdating 
was aided by matching of fire scars, as 
Douglas fir, with its unusually thick bark, 
can survive repeated fires that cause dis- 
tinct trauma in subsequent rings or non- 
fatal scarring. That several of these scars 
crossdate among most of the specimens 
indicates that fires repeatedly swept 
through the entire forest (20). All seven 
samples with complete outer rings present 
died in the same year and season. In all 
cases the outer ring is fully developed, and 
there is no indication of initiation of the 
next year's growth. Thus the trees must 
have died in the fall, winter, or early 
spring. 

We also attempted to crossdate the rings 
among other samples from west of Mercer 
Island and samples from southeast of Mer- 
cer Island. The longest sample from west of 
Mercer Island has only 63 rings. A tenta- 

tive correspondence was established, but 
the crossdating is not significant. Until 
better samples are obtained from west of 
Mercer Island and also Kirkland we cannot 
confirm that the landslides were simultane- 
ous, although the radiocarbon dates from 
the three sites over la^. 

The most convincing evidence support- 
ing seismic triggering of the landslides 
comes from a bark-bearing Douglas fir log 
from West Point, at the margin of Puget 
Sound. 23 km northwest of the southeast 
Mercer Island location. According to At- 
water and Moore (16), the log came to rest 
on a tidal marsh along with sand that 
probably represents a tsunami. This proba- 
ble tsunami was likely triggered by the same 
event that also caused at least 1 m of 
subsidence of the marsh and ranid sedimen- 
tation that partially buried and preserved 
the log (1 6). The section has mainly reac- 
tion wood rings (response to lateral stress or 
tilting) in major inner portions as might be 
expected for a tree subject to strong winds 
or substrate instability such as might occur 
along a coastline. The outermost 16 rings of 
this specimen yielded radiocarbon age be- 
tween 1000 to 1300 years ago (16, 21). 
High-precision dating suggests that sand 
emplacement and subsidence occurred 1000 
to 1 100 years ago (1 6, 2 1 ) . These ages are 
contemporary with the three recent land- 
slides and high-precision date from Lake 
Washington. 

We crossdated the landslide trees and 
the West Point log by measuring ring 
widths along four radii of the West Point 
section. The radii were first crossdated with 
each other. These data were then compared 
to measurements from the south Mercer 
Island samples that had outer rings intact 
(22). Computer crossdating indicated that 
the outer rings were formed in the same 
year and did not indicate any other signif- 
icant crossdating positions (see Fig. 2). 
Additionally, we made skeleton plots (18, 
23) of the samples, established patterns of 
individual ring features, compared the 
plots, and made visual comparisons of the 
samples, ring by ring, to determine the 
crossdating. The results reveal that the 
West Point tree and all the bark-year trees 
from the landslides south of Mercer Island 
died in the same season of the same year 
(see Figs. 1 and 2). 

The simultaneous occurrence of land- 
slides at three locations around Lake Wash- 
ington would be unusual. If they are con- 
temporaneous, a common trigger mecha- 
nism must be considered. Most probable 
mechanisms are seismic accelerations or 
saturation and slope failure; or both satura- 
tion and a smaller magnitude seismic shock 
could trigger landslides in weakened mate- 
rial. However, around Lake Washington no 
large translational-block landslides have 
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been recorded, even after extreme precipi- 
tation events. 

In conclusion, the data show that three 
landslides, within the limits of radiocar- 
bon dating, occurred during a time of 
other tectonic events in the region (1, 16, 
17) and that one of these landslides oc- 
curred during the same season of the same 
year as a probable tsunami deposit on 
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I 

1 . 5 E ~ ' . i " " j " ' ' ' " . . m . . ~ .  : First differences 

! 
- 1 . 5 1 . . . . ' . . . . i . . . , i . . .  . i . .  . . I  

850 860 870 880 890 900 
Ring number (not calendar years) 

-25-20 -15 -10 -5 0  5 10 15 20 25 
Rings offset from common outer year 

Fig. 2. (A) Plot of the last 50 years of the 
ring-width indices from the bark-bearing trees 
southeast of Mercer lsland (solid line) and the 
last 50 years of the West Point tree (dashed 
line). Indices are the measured ring widths 
divided by a growth-trend line to produce 
dimensionless indices that are then averaged 
for each year for all the radii included in the 
chronologies. The inner rings (fewer than 850) 
of the West Point tree are somewhat distorted 
reaction wood (see text). (B) Plot of the first 
differences of the Lake Washington (solid line) 
and West Point (dashed line) chronologies. 
The changes in ring widths from year to year 
or first differences can serve as a better com- 
parison between ring-width patterns than the 
ring widths themselves. (C) Plot of the corre- 
lations between first differences at different 
positions. By far the highest correlation is 
when the outer years are aligned as the same 
year. The negative correlations at an offset of 
21 year are typical for these types of compar- 
isons. As noted in (18), the final dating is 
made by visual comparison. These plots are 
only presented as partial illustrations of the 
ring-width patterns. 

Puget Sound and coastal subsidence (16). 
The approximate radiocarbon correlations 
among slope failures, a tsunami, and 
abrupt tectonic movement-as summa- 
rized on figure 1 of (1)-provide strong 
evidence of an earthquake. Our precise 
tree ring crossdating between slope failure 
and abrupt tectonic movement emphasizes 
the potential for large earthquakes in the 
Seattle metropolitan region. 
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