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Fennoscandian Earthquakes: Whole Crustal 
Rupturing Related to Postglacial Rebound 

Ronald Arvidsson* 

Local and regional earthquake locations provide seismic evidence that large shield 
earthquakes have occurred in northern Fennoscandia. These paleoearthquakes, with 
fault lengths of up to 160 kilometers and average displacements of up to 15 meters, were 
triggered by nonisostatic compressive stresses caused by the removal of the ice at the 
end of the last deglaciation. The Fennoscandian faults were probably formed by single 
events that ruptured through most of the crust. The largest event, moment magnitude 
M, - 8.2, was larger than other known stable continent earthquakes outside failed rifts 
or extended crust. 

Large-scale surface lineaments (up to 160 
km) in northern Fennoscandia (1) have 
been interpreted as postglacial fault scarps 
(PGFs) formed by thrust earthquakes short- 
ly after the local deglaciation 9000 years 
aeo. The formation of these faults mav have " 

been due to stresses caused hy early postgla- 
cia1 rebound. and if so. the faults can be 
used to estilnate the rate of early postglacial 
rebound and to infer lithospheric dynamics 
(2). Offsets of Quaternary sediments and 
the clustering of paleolandslides and lique- 
faction phenomena (3) along the scarps 
indicate that these faults mark Quaternary 
earthquakes. Such evidence would not be 
observable if the PGFs formed before degla- 
ciation (3) and restricts the oldest age for 
the displacements on the PGFs to the time 
of local deelaciation. 8500 to 9000 vears " 

ago. The younger age limit is set by undis- 
- - 

turbed postglacial sediments, including lit- 
toral sediments, that overlie parts of the 
Lansjarv PGF, glacier meltwater channels 
that cut through the Parvie scarp, and 14C 
dates of peat in a landslide close to Lansjarv 
of 8200 ? 200 years ago (3). The shallow 
littoral sediments have depths of (10 m 
and were formed within 200 years after 
deglaciation, after which, on the basis of 
the rate of landrise ( 4 ) ,  they were raised 
above sea level. In view of the length of the 
faults in the stable shield of northern Fen- 
noscandia, the causative earthquakes would 
have had magnit~~des of -8. Intraplate 
earthquakes of such magnitude have else- 
where only been located in failed rifts or 
extended crustal regions (5). I analyzed seis- 
mic data to determine whether the ob- 
served lineaments are due to earthquakes, 
and to estilnate the likely magnitudes, fault 
dimensions, and numher of events that pro- 
duced the PGFs. 

The existence of an active fault zone is 
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typically indicated hy a high concentration 
of seismicity. It has been shown for in- 
traplate areas, like the studied region, that 
earthquake activity is observed around 
zones of crustal weakness (6). It has not 
heen clear whether the present-day earth- 
quakes in northern Fennoscandia occur in 
association with the PGFs 13. 7 ) .  I investi- . ,  , 
gated the spatial correlation between recent 
seismicity and PGFs using a catalog (8, 9) 
of instrumental recordings from 1963 to 
1993 (Fig. 1). Man-made explosions occur- 
ring in northern Sweden were excluded 
from the catalog by personnel at the Swed- 
ish Seismological Network. Due to the level 
of catalog completeness I only considered 
earthquakes with local magnitude, ML 2 
2.7 (10). The analysis (10) revealed that 
about 50% of the earthquakes were associ- 

Fig. 1. Earthquake epicenters [diamonds, all w~th 
local magnitude M,(UPP) 2 2.71 and focal mech- 
anlsms (10) (shown as lower hemisphere projec- 
tions) for some earthquakes In the area and the 
two events at the Lansjarv fault modeled in this 
report. L, Lansjarv fault; P, Parvie fault; L-S, 
Lainio-Suijavaara fault; and S, Stuoragurra fault. 
Only earthquakes east of the dotted line were 
cons~dered in the analysis. 

ated with the PGFs, a much higher number 
than expected from random occurrence of 
seismicity (10). A correlation hetween 
earthquakes and the PGFs was also indicat- 
ed hy the more precise hypocenter locations 
of smaller microearthquakes, ML % 2.4, 
near the Lansjarv fault (Fig. 2). The mi- 
croearthquakes were recorded during two 
surveys performed hy the Seismological De- 
partment, Uppsala University, in 1987 and 
1988 (1 1). The microearthquake locations 
(1 2)  were clustered along the length of the 
Lansjarv fault, and 84% of the hypocenters 
were in the block southeast of the scarp. 
The proximity of the microearthquakes to 
the scarp relates them to the Lansjarv PGF 
(90% of the events were located less than 
15 km from the lnain fault). The diffuse 
distribution of hypocenters ( ~ i g .  2 )  proha- 
bly reflects complexity of the faulting; such 
a distribution is commonly observed for af- 
tershock distributions of dip-slip earth- 
quakes (13). The correlation of seismicity, 
including the microearthquakes, with the 
PGFs indicates that the scarps were formed 

Transect 

Fig. 2. (A) Epicenters of microearthquakes (open 
circles), M, 5 2.4, near the Lansjarv fa~l t .  Solid 
line is the fault trace. (B) Depth profile for section 
A-A'. (C) Depth profile for section B-B'. 
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1.y larqe intr,~plate earthquakes. Concentra- 
tions of scismic~ty that appear to exteild 
hcyond the  PC3F (Fig. 1) may he attrihuteil 
to PGFs that 'lid not rupture to the s ~ l r h c e  
or to ~~nrecogni:eil PGFs. 

I derived t ~ v o  tocal inechanisnls ( 14) for 
events 5 anil 6 (Figs. 1 and 3), located at 
depths of 14 and 14 km, u s ~ n g  \vave form 
mocleling (7). These events, along wit11 
event 4 (Fig. 1) a t  the  La111io-Suijavaara 
f,iult, were the  o ~ l l y  e\,ents with relatively 
near-fielii recoriiinqs, anci thus have the  
lwst constraineil focal mechanisms. T h c ~ r  
filcal p la i~es  coincide \vith the  strike of the  
fault hurtace traces. T h e  different t au l t~ng  
btyles, as seen 111 events 1 to 6 (Flq. I ) ,  
prohal~ly reflect the  iiiffcrent stress regime 
acting today versus the  thrust reqime ac- 
tive at the  tinle of pa leoea r thq~~ake  occur- 
rence. Focal mechanisnls determ~nei i  from 
ea r t l~ i~uakes  near the  Stuoragllrra fiiult 
( 15) are similar ti) t he  focal illecllaillsnls I 
determined. 

T h e  antithetic faults ohserveil <it the 
PGFs nlay in~iicate that the d ~ p  of the PGFs 

Fig. 3. Obse~ved  (OBS) and modeled synthetic 
(SYN) sesmograms for s tat~on KAN, for an event 
of 1 8  July 1987. M, = 2.4 (14). The synthetcs are 
modeled (6) at a source depth of 3s km. Z, vertical 
component: R, rad~al  component, and T,  trans- 
verse component: P. P wave: S,  S wave, 2, down- 
going S reflected as upgoing P at the Moho,  3.  S 
wave converted to P wave at Conrad m~dcrustal 
Interface 

is sl~allon-er a t  depth (1 6 ,  17) tllan ol~serveil 
at the  surkce ( I ,  3). Even though the mod- 
ern selsmic~ty is systematically lilcateii cast 
of the scarps (Figs. 1 ailii I ) ,  coilforming 
with the  postulated easterly dip ( j) ,  the  
poorly resolveci focal iicpths of the  regional 
1i)catii)ils ( 1 G )  do  ~ l i ~ t  ~ 1 1 0 1 ~  horn. the f,~ult 
geoilletry changes at iiepth. Even from the  
\ v e l l - c ~ ~ l s t r a ~ ~ ~ C d  Lansjiir~. ~ n ~ c r o e i s n l ~ c i t y  
the  fault i l i ~  is not clear, hut the  trvo focal 
i ~ ~ e c h a ~ l i s i l ~ s  from the Lansitirv fault, locat- 
ed I, the sllallow, and ilcep crusts (14), do 
not iildicate any change of clip wit11 Jepth .  

T h e  illasiillll~n iIept11 of cr11sta1 earth- 
quakes constrains the thickness of the sels- 
mqgenlc zone and the  h u l t  n.iiit11 of the 
PGFs (18). Even though most of the  focal 
iie~.thh of i lorther~l Fci l i losca~ld~a~l  earth- 
q~lakes are not w,cll resol\.ed, w,ith the aid of 
\vavc t'orm inodcli~lg anii Jense tempi,rary 
station neta.orks, I cietermineii precise foc,il 
depths for 1 1 Lansl ~ r v  micrc)earthquake 
(12) and ~i f e a  earthquakes from other 
PGFs (7,  3) .  Tlle deepest ear thquake m i , -  
ciateii \vith PGFs, from the Lansliirv fault 
a i d  the Lainio-Suijavaar ta~l l t ,  have focal 
depths of 34  anii 37 knl, reslxctively. These 
iiepths agree with those of other Baltic 
Sll~clii  carthcquakes (7. 19. 2G) and can he 
explaineci (21 ) by the lower crust heing 
brittle because of ~ t s  relat~vely lo\v temper- 
ature, 400" to 59C0C, a t  the  Moho (22). 
Thns, the  seismogenic :one extends clolvn 
to  ;I ilc17th of a l~ou t  40 kin. It mav he that 
the iil~ctile layer in the  lower crust is thin or 
absent in the Baltic Shiclii. Kccauhc. taillts 
with lengths larger than the thicknehs of 
the  seis~nogeilic crust ( 1  8) extcild throi1~11- 
out it, the PC3Fs probably ruptllred d o a n  to 
or close to the  hlt>ho. T h e  hloho lies at a 
c l e~ t l l  of 49 to 48 knl (23) in the cast, close 
to Lansjiirv, and o n  averaye is Illore \hallon 
in the  \\-ester11 part of the area. 

By ; ip~lying the constant stress drop scal- 
ing Ian tor large earthquakes 1 - e r s ~ ~ ~  fault 
\viiith, one can \\.rite the  atress iirop as 10 
= CpL)/\V' \vhei-e C 1s a constant ranping 
from ahout 0.6 ti, 3 (24), p. is the shear 
modulus, D is the average displacement, 
and LV is the  fault \viJth. From the  thick- 
ness of the se~smogenic zone ailii range of 
plausible tault dips, the width can he csti- 
inated (25). Assl~ming that the fault fc~rmecl 
in  a single event and l~sing [Y = 45 2 15 
kin, L) = 8 2 2 in (6), ailJ C = 9.65 for an  
infinitely long clip-sli~> fault* I qet a stress 
drop of about 5 MPa ? 3 hlPa for the 
Pdr\,ie f ; ~ ~ l t .  For the  other PGFs, I obtain 
cstlillatcs the stress L l r i )~s  the same 
ortier. This ia consistent with thc stress 
ill-ops of 3 to 10 hlPa est~mated for other 
large earthquakes (26). T h e  d e r i ~ ~ e d  stress 
drop also explains the large <>ifsets (5 to 
15 m) of the PGFs and allo\vs for the  rup- 
ture procehs tc' stay m-ithin the crust. Lower 

stress ilrops a l l i ~ ~ v  se7-era1 earthil~iakes to 
have occ~lrre'i o n  the s,ime fault (17), hut 
hecause the  PGFh' stress iirops fall \ v~ th in  
tllc range of other large ear thquakc,  the 
one earthquake per fault ih the most likely 
alternative, at leaht for the f:i~llts with av- 
erage d~splacements of 10 m and less. This 
~ l o t ~ o l l  also conforma \vitll Quaternary data 
(i), w,hich do not show ind~cations elf re- 
peated ruptures, alheit it is nclt pilssible to 
i-esol\,e aeveral events \vithin a fe\v years of 
e ;~ch  other. I cieriveci the  size of the C L I ~ I ~ I -  
lativc magnitude of the  palcoeartllqu,ikc 
1.y  sing the  sanlc paraineters as in the 
stress-drop calculation (25). T h e  calculate~i 
illolnent maqn~t l~ t l e  for the Parvie fault a.a 
M\. = 8.2 i- 0.2 a n ~ i  for the  Lansjiirv fault 
1.1,: = 7.8 5 0.3. If the  seismogenic ;one 
11-as 10 kill thinner, the nlagn~tuiles w,ould 
be . l  units smaller. 

Explailatio~ls for the occurrence of PC3Fs 
incluc-ic h e n d ~ n g  o t  the crust that causes 
strehs a t  the  ecige of the reccciing Ice sheet 
(27) or storage ot stress during the tinle of 
glaciat~on ( 1  7,  23). H~nvever,  all the f,~ults 
( F I ~ .  1) are thrust faults (3 )  anci except for 
the easternmost faults in Finland, the  east- 
ern block IS elevateii a.it-11 r e p e c t  to the  
western block. Thus. I internrct the  earth- 
cluakes ah signs o t  progreshi\~e rapiii rise of 
the la~lii  fro111 the  center of ~~ostc lacia l  re- , L 

ho~rnd,  east of the Lanhjiiry- fault, to the  
outer edges a the ice sheet receded from 
the  center toaarii the u7cst and fillallv ills- 
appeareLi. ,4t the start the last deglacia- 
t ~ o n ,  inore than 9000 years ago, a ~learly 
 sos static equilil~rium was reached due to the 
dcl~ress~on of the  lithosphere 13y the ice. 
After a 'quick removal of the  Ice sheet a 
nc)nisostatic conilit1on cal~scd compression- 
al stresses a.ithin the crust, w,hich triqgered 
the carthiluakes. Thlls, a.hile the  addition 
of ice sheets have bee11 proposed to  suppress 
eartllqllake occurrence, as in the cases of 
Greenland and Antarctica (23), their re- 
moval may cause eartlli~llakcs. 
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made it difficult to demonstrate that Nor th 

Atlantic climatic oscillations were synchro

nous with climatic and hydrologic oscilla

tions in other regions. Here we present con

tinuous, well-dated, high-resolution proxy 

records of climate change in the Owens Lake 

basin and compare them with the Nor th 

Atlantic lithic record documented in core 

V23-81 (8). 

Owens Lake is located in the Grea t 

Basin of the western Uni ted States be

tween the central Sierra Nevada and Inyo-

W h i t e mounta in ranges (Fig. 1). Cool-

season orographic precipi tat ion in the Si

erra Nevada, mostly from N o r t h Pacific 

sources, supplies > 9 9 % of the runoff 

reaching Owens basin (9) . 

Sediment cores OL90-1 (length, 32.75 

m) and OL90-2 (28.20 m) were obtained 

from the Owens Lake basin in 1990 (Fig. 1) 

{10). Age control for OL90-2 was based on 

26 accelerator mass spectrometry (AMS) 
1 4C determinations made on the total or

ganic carbon ( T O C ) fraction of the cored 

sediment (Fig. 2) {11). Age control for 

OL90-1 was obtained by matching 30 mag

netic susceptibility (x) features common to 

both cores. T h e OL90-2 1 4C age-dep th 

polynomial was then applied to OL90-1. A 

continuous set of sediment samples, 5 to 6 

cm in length, was taken from the two cores. 

Total carbon (TC) , total inorganic carbon 

(TIC) , and 8 l s O values were determined on 

each sample {12). 

To determine if abrupt changes in cli

mate affected the hydrologic balance of the 

Owens Lake basin, we examined the 8 u s O 

and T I C records (Fig. 3) . T h e 8 l s O value 

{13) of a lake represents a balance between 

amounts and 8 l b O values of water input to 

and lost from a lake. W h e n Owens Lake 

Climatic and Hydrologic Oscillations 
in the Owens Lake Basin and 

Adjacent Sierra Wevadag. California 
Larry V, Benson, James W. Burdett, Michaele Kashgarian, 

Steve P. Lund, Fred M, Phillips, Robert O. Rye 

Oxygen isotope and total inorganic carbon values of cored sediments from the Owens 

Lake basin, California, indicate that Owens Lake overflowed most of the time between 

52,500 and 12,500 carbon-14 (14C) years before present (B.P.). Owens Lake desic

cated during or after Heinrich event H1 and was hydrologically closed during Heinrich 

event H2. The magnetic susceptibility and organic carbon content of cored sediments 

indicate that about 19 Sierra Nevada glaciations occurred between 52,500 and 23,500 
14C years B.P. Most of the glacial advances were accompanied by decreases in the 

amount of discharge reaching Owens Lake. Comparison of the timing of glaciation with 

the lithic record of North Atlantic core V23-81 indicates that the number of mountain 

glacial cycles and the number of North Atlantic lithic events were about equal between 

39,000 and 23,500 14C years B.P. 


