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Seismic Potential Revealed by Surface Folding: 

ed 2 km of cumulative fault slip during 
the past 1 to 2 million years, no major 
fault scarp has formed. We also consider 
three other larger and well-studied thrust 
earthquakes that were accompanied by 
surface folding and decreased surface 
rupture in comparison with the slip at 
depth and contend that, in some tectonic 
environments, folds form as a conse- 
quence of repeated subsurface thrust 
events. Because the peak ground motion 
associated with thrust earthquakes ap- 
pears to be two to three times higher 
than that observed for normal slip events 
of the same size (3), active folds should 
be regarded as sites of critical earth- 
quake risk. 

Reverse faults that rupture to the 
earth's surface leave a scarp along the 
edge of the upthrown fault block; com- 
monly, a prism of sediments accumu- 
lates on the downthrown block (Fig. 1, A 
and B). Whereas slip in great shallow 
earthquakes, such as the 1906 strike-slip 
shock on the San Andreas fault in Cali- 

1983 Coalinga, California, Earthquake fornia (4 ) ,  tends to be nearly constant as 
a function of depth, moderate to large 

Abstract. The 2 May 1983 Coalinga, California, earthquake (magnitude 6.5) failed thrust earthquakes typically display less 
to rupture through surface deposits and, instead, elastically folded the top few slip at the surface than at depth (5). 
kilometers of the crust. The subsurface rate of fault slip and the earthquake repeat Thrust events that do not extend to the 
time are estimated from seismic, geodetic, and geologic data. Three larger earth- surface deform the rocks above the fault 
quakes (up to magnitude 7.5) during the past 20 years are also shown to have struck into a gentle fold, do not create a fault 
on reverse faults concealed beneath active folds. scarp, and typically result in the deposi- 

tion of only a thin veneer of superficial 
Identification of past and future earth- The 1983 Coalinga, California, earth- sediments (Fig. 1, C and D). Because 

quake sources is a fundamental goal of quake of magnitude (M,) 6.5 provides a most faults in the brittle-elastic layer of 
earthquake-hazard reduction, the princi- striking illustration of slip on an active the crust cause displacement largely dur- 
pal strategy is to locate active faults, but concealed fault that had not been ing earthquakes, overlying folds must be 
determine their most recent slip event, detected by seismic reflection and net- built by repeated shocks. 
and estimate their slip rate and earth- work microseismicity. We present evi- Faults can slip repeatedly without 
quake repeat time. Most active faults are dence that the fault slipped about 2 m reaching the earth's surface if the stress- 
manifested at the earth's surface by dis- over a depth of 4 to 12 km, unaccompa- es at the fault tip and those imposed op 
placed young deposits or by fault scarps. nied by surface rupture except during the overlying material can relax between 
Faults that do not reach the surface or do one aftershock (1,2). Despite an estimat- earthquakes. Because these stresses can 
not cut surface deposits are not recog- 
nized or are classed as inactive unless 
they can be independently identified by 
strain accumulation at the surface or by 
seismicity at depth. 

Fig. 1. (A) Elastic dislocation solution for 
surface deformation caused by 2 m of reverse 
dip slip on a fault dipping 65" and extending 
from the ground surface to a depth of I I km. 
(B) Depth cross section (vertical exaggeration 
x2) after 2 km of cumulative slip, or 1000 
earthquakes. Subsequent to initiation of fault- 
ing, erosion of fault scarp (dashed) and depo- 
sition into downthrown block (black) occur. 
Remote displacements and interseismic strain 
release are neglected. (C) Fault shown in (A) 
terminated 4 km from the surface, except 
fitted to the observed coseismic elevation 
changes at Coalinga (1). (D) Depth cross 
section for (C). Dip of beds above the top of 
the fault increases with depth, and near the 
top of the fault beds are subject to vertical 
compression and extension. 
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apparently be relieved by creep, by dis- Geodetic, geologic, and seismic data 
tribution along secondary fractures, by 
near-surface splay faults, or by chemical 
weathering, the near-surface rocks may 
not reach or be maintained at their fail- 
ure stress. Flexural or bedding-plane slip 
between fplded lithic units, and bending- 
moment faults that accommodate com- 
pressional and extensional fiber strains 
within the units, have been observed at 
the ground surface extending discontinu- 
ously to depths of 4 km in thoroughly 
drilled anticlines in California (6). Slip on 
these rootless faults, which do not con- 
tinue at depth, may relieve the stresses 
caused by deep-seated events on reverse 
faults. The diffuse distribution of after- 
shocks that typifies all the concealed 
thrust events that we discuss (7-9) may 
be attributable to displacement on these 
secondary structures. Within the upper 
surface of an anticlinal hinge, extension- 
al fiber stress may substantially exceed 
the regional horizontal compressive 
stress. Subject to this local stress devi- 
ation, unconsolidated near-surface de- 
posits with low cohesive strength may 
form tensile cracks or grabens atop 
folds, masking evidence for thrust fault- 
ing. 

that constrain the Coalinga fault geome- 
try and 1983 seismic slip suggest a his- 
tory of intermittent displacement. Re- 
verse slip on a fault dipping steeply to 
the northeast beneath Anticline Ridge 
satisfies the fault plane solution, hypo- 
central location, and seismic moment of 
the 2 May 1983 Coalinga earthquake, and 
also the coseismic elevation changes, 
although more complex fault geometries 
involving faults dipping southwest can- 
not be excluded. Geodetic elevation 
changes were determined by postearth- 
quake measurement of bench marks pre- 
viously surveyed in 1972. These geodetic 
data, corrected for ground subsidence 
caused by fluid pumping and for leveling- 
rod and atmospheric-refraction errors 
(I), are shown in Fig. 1C. The focal 
depth of the main shock is 10 to 12 km, 
with nodal planes striking northwest and 
dipping steeply northeast and gently 
southwest (9, 10). Because the after- 
shocks do not delineate a fault plane but, 
instead, cluster at depths of 5 to 12 km, 
we tested both fault orientations. The 
earthquake was modeled by uniform slip 
on a rectangular plane, with dislocations 
embedded in an elastic half-space. A 

B Los Gatos profi le 

Fig. 2. (A) Soil (14) 
and geologic (16) 
units in the Coalinga 
area, showing surface 
projection of con- 
cealed fault plane (I) ,  
lower hemisphere 
projection of fault 
plane solution of the 2 
May 1983 main shock 
( 9 ) ,  and the 10 June 
1983 Nuriez fault rup- 
ture (2). Dashed lines 
indicate abandoned 
stream channels. (B) 
Profile of Los Gatos 
Creek where it passes 
through the anticline. 
An assumed equilibri- 
um or undistorted 
stream bed gradient 
has been removed 
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steeply northeast dipping fault plane 
passing through the main shock (Fig. 2A) 
fits the data well (Fig. lC), whereas a 
single fault dipping gently southwest at 
the depth of the main shock cannot satis- 
fy the leveling data. The fault orientation 
was set equal to the seismic nodal plane, 
N53"W, 67"NE (9), and the wavelength 
of the coseismic surface deformation 
was used to estimate the depth to the top 
of the fault: 4 t 1 km; the amplitude of 
this deformation was then used to deter- 
mine the slip: 1.8 t 0.5 m (1). Seismic 
reflection from the southern end of the 
aftershock zone reveals gently folded 
beds to a depth of about 4 km; beneath 
this depth, reflectors are sparse and dis- 
continuous (1 1). 

Los Gatos Creek cuts through the ris- 
ing anticline near the site of the 1983 
Coalinga earthquake and has left evi- 
dence of Holocene uplift (12). The creek 
meanders where its gradient has been 
increased by repeated subsidence events 
(site b, Fig. 2A), straightens as it passes 
through the anticline (site c), and mean- 
ders east of the uplift axis (site d). A 
profile of the stream bed and alluvial-fan 
surface was made from sites a to e (Fig. 
2A) and a smooth convex-upward curve 
was fitted through the stream bed to 
represent its equilibrium profile (13). The 
residual from this curve is plotted in Fig. 
2B. The stream has been unable to 
downcut as rapidly as the anticline has 
been uplifted, apparently deforming the 
bed profile. The stream bed and fan 
surface may also be elevated in this area 
because constriction of the stream chan- 
nel where it passes through the anticline 
locally raises the hydraulic head. It is 
difficult to distinguish between the ef- 
fects of topographic constriction and up- 
lift of the anticline. Thus, uplift mea- 
sured relative to the equilibrium profile 
should be considered a maximum value. 
The fan has been upwarped as much as 
10 m in 2,500 to 10,000 years (14) at a 
position about 2 km southwest of the 
projected axis of peak coseismic uplift 
(Figs. 1C and 2A). This upwarp results in 
a maximum rate of surface uplift of 1 to 4 
mm per year during the Holocene. When 
this rate is multiplied by the ratio of fault 
slip to surface uplift associated with the 
Coalinga earthquake (1.8 ml0.6 m), a 
subsurface fault-slip rate of 3 to 12 mm 
per year results. If the fault slips during 
earthquakes similar in size to the 1983 
event, and no surface deformation oc- 
curs between earthquakes, then the slip 
rate yields a minimum repeat time of 200 
to 600 years. 

The profile of the 1983 Coalinga earth- 
quake deformation (Fig. 1C) strikingly 
resembles the structure of Anticline 
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Ridge and the adjacent valley to the 
southwest and is similar to the simple 
elastic solution shown in Fig. ID. Cumu- 
lative subsurface fault slip of at least 2 
km during the past 2 million years, 
equivalent to 1000 events with slip simi- 
lar to the 1983 earthquake, would explain 
this similarity (15). The youngest folded 
member is the Tulare Formation (Fig. 
2A), 0.5 to 2.2 million years in age (14, 
16). Because the base of the Tulare is 
nearly congruent with the underlying for- 
mations, the major episode of folding 
must postdate initial deposition of the 
Tulare Formation. This yields a slip rate 
of about 1 to 4 mm per year during the 
past 1 to 2 million years, and a repeat 
time of 500 to 1500 years if earthquakes 
are periodic and no shocks larger than 
the 1983 event have occurred. The esti- 
mates of average Pleistocene aud maxi- 
mum Holocene fault-slip rates at Coa- 
linga overlap despite the use of different 
assumptions and methods, but the esti- 
mates also carry large uncertainties. 

The 1980 El Asnam, Algeria, earth- 
quake (M,  = 7.3) occurred within a nia- 
jor north African fold belt and beneath 
an anticlinal ridge (17, 18). The ridge was 
uplifted 5 m during the shock and an 
adjacent synclinal valley dropped down 
1 m (19), events analogous to those re- 
sulting from the Coalinga earthquake. 
The Chelif River, which has cut through 
the ridge, was dammed by upwarp of the 
anticline and formed a transient lake 
within the syncline. An uplifted late Qua- 
ternary river terrace across the anticline 
suggests that the ridge was built from 
repeated sudden slip events related to a 
concealed fault (17). The coseismic fault 
slip inferred from the horizontal and ver- 
tical geodetic displacements was about 
twice the 2-m magnitude of the reverse 
slip observed at the surface, and coseis- 
mic elevation changes across the fault 
implied that most of the fault slip was 
concentrated below 2 km (19). Spectacu- 
lar examples of secondary faulting were 
left by the earthquake: normal faults 
with up to 5 m of slip on anticlinal folds 
and bedding-plane faults with up to 1 m 
of slip on fold limbs formed on the up- 
thrown fault block (18). 

Anticlinal uplift occurred at the epi- 
central (west) end of the 1952 Kern 
County, California, earthquake (M, = 
7.3). whereas the reverse and left-lateral , , 

fault ruptured to the surface at the east 
end of the aftershock zone, where Creta- 
ceous granite is exposed. The earth- 
quake focus lies beneath Wheeler Ridge, 
a fold in a 3-km-thick sequence of Plio- 
cene and Quaternary sediments that was 
upwarped 1.0 m during the earthquake. 
Models of the horizontal and vertical 

geodetic data (20, 21) preclude fault rup- 
ture through the upper 5 km of sediments 
at the epicenter. Geologic correlation 
suggests that the central section of the 
fault has slipped at a rate of about 5 mm 
per year during the past 2 million years 
(20). In contrast to the epicentral area, 
the maximum ground displacement ob- 
served at the east end of the fault equals 
the modeled subsurface fault slip, and 
abundant fault scarps have formed there, 
consistent with Fig. 1B. 

The 1964 Niigata earthquake (M, = 
7.5) struck in Japan's most widespread 
and rapidly deforming fold belt (22) (Fig. 
3). Bathymetric surveys showed that the 
seabed was upwarped 3 to 5 m by the 
reverse slip event, but the surface depos- 
its were not cut by faults except in a few 

Fig. 3.  Quaternary tectonic map of northern 
Japan (25) showing faults and folds in areas 
with Quaternary deposits. A dashed line en- 
circles the aftershock zone of 1964 Niigata 
earthquake (Ad, = 7.5) (3. Awashima Island 
is the dot within the zone. 

isolated places (7). Awashima Island 
(Fig. 3) was tilted and uplifted 1.5 m. The 
sedimentary beds of the island, late Mio- 
cene in age, dip 10" to 20" (23), about 
1000 times the amount they were tilted 
during the earthquake. This relation can 
be explained by progressive uplift and 
tilt during large slip events on a con- 
cealed reverse fault, similar to the style 
of deformation that we infer at Coalinga. 

The 1400-year-long historical record of 
earthquakes in Japan is equally well cor- 
related with active faults and active folds 
(24); apparently folds provide as good an 
indicator of earthquake sources as do 
faults. The Quaternary tectonic map of 
northern Japan (25) also shows a similar 
number and distribution of dip-slip faults 
and folds (Fig. 3). These faults and fold 
axes are generally parallel to each other 
and orient normal to the azimuth of 
maximum conipression inferred from 
horizontal geodetic measurements and 
shallow earthquakes. The shortest fold 
wavelengths (15 km) and highest historic 
and Quaternary uplift rates (1 to 3 mm 
per year) were measured in areas with 
the greatest accumulation of Neogene 
and younger (0 to 24 million years old) 
sediments (22). 

Earthquakes on thrust faults leave an 
incomplete displacement record because 
slip at the seismic source generally di- 
minishes or disappears at the ground 
surface. Folds form as a consequence of 
the diminished surface slip. Although the 
deformed surface materials can mask 
active faults, folds also provide evidence 
to assess the subsurface rate of fault slip. 
The record of damaging thrust earth- 
quakes that did not rupture through sur- 
face deposits argues for intensified in- 
vestigation of contemporary and Quater- 
nary deformation within the world's ac- 
tive fold belts. 

Ross S. STEIN 
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Chondrites: A Trace Fossil Indicator of Anoxia in Sediments 

Abstract. The trace fossil Chondrites, a highly branched burrow system of 
unknown endobenthic deposit feeders, occurs in all types of sediment, including 
those deposited under anaerobic conditions. In some cases, such as the Jurassic 
Posidonienschiefer Formation of Germany, Chondrites occurs in black, laminated, 
carbonaceous sediment that was deposited in chemically reducing conditions. In 
other cases, such as numerous oxic clastic and carbonate units throughout the 
geologic column, Chondrites typically represents the last trace fossil in a bioturba- 
tion sequence. This indicates that the burrow system was produced deep within the 
sediment in the anaerobic zone below the surficial oxidized zone that was character- 
ized by freely circulating and oxidizing pore waters. 

The primary importance of trace fos- 
sils (biogenic sedimentary structures) to 
geologists is their great utility in recon- 
structing various aspects of ancient de- 
positional environments, including pa- 
leobathymetry, hydraulic regime during 
sedimentation, and original character of 
the substrate (1). Chemical aspects of the 
original environment, including salinity, 
pH, and redox potential of interstitial 
and bottom waters, are not as easy to 
ascertain. 

The trace fossil Chondrites may pro- 
vide us with a means of determining 
redox conditions in the original sedi- 
ment. Chondrites is a regularly branched 
burrow system constructed by endo- 
benthic deposit-feeding animals of un- 
known taxonomic affinity (2). It is a 
distinctive trace fossil, characterized by 
a rootlike structure of branching shafts 
and tunnels in which the branching angle 
is a relatively constant 30" to  40' and the 
shaft or tunnel diameter, which may be 
0.1 to  10 mm, is uniform throughout any 
single system. Virtually all descriptions 
of Chondrites in Paleozoic, Mesozoic, 
and Cenozoic rocks, including both ter- 
rigenous and carbonate sediment, show 
that the burrow was emplaced well be- 
low the water-sediment interface. The 
nature of its occurrence usually indicates 
that the burrow was kept open by its 
inhabitant and was later filled passively 
with sediment from above. 

Chondrites is common in a wide varie- 
ty of sedimentary rocks deposited over 
the past half billion years (2, 3). The 
burrows are still being produced in ma- 
rine sediments today, but all known 
modern occurrences are in deep-sea de- 
posits (4). Although no living or dead 
animal actually has been discovered in- 
side a Chondrites burrow, let alone in the 
process of constructing a Chondrites, 
Swinbanks and Shirayama (5) have cir- 
cumstantial evidence suggesting the bur- 
rower to be an infaunal abyssal nema- 
tode. In general, errant marine nema- 
todes are organic detritus-feeders, many 
of which construct open burrows. 

Chondrites is easily recognized in sed- 
imentary rocks but is notorious among 

geologists as a facies-breaking trace- 
that is, it defies generalization as an 
exclusive feature of any particular sedi- 
mentary facies. Although it is not omni- 
present, it may be found in a wide varie- 
ty of rock types (sandstone, shale, and 
limestone) representing deposition in a 
broad spectrum of marine environments 
(from subtidal shelves to  the abyssal 
realm). 

We suggest that Chondrites is made in 
anaerobic sediment, commonly beneath 
oxygen-starved sea floors; thus that the 
presence of Chondrites in a deposit indi- 
cates very low oxygen levels in the inter- 
stitial waters within the sediment at the 
site of burrow emplacement. Oxygen- 
poor conditions influence the distribu- 
tion of Chondrites-making organisms to 
a much more significant degree than do 
bathymetry or sediment type. 

Black, laminated, carbonaceous clay 
generally can be considered an anoxic 
sediment, deposited where interstitial 
waters contained insufficient oxygen to 
oxidize volatile organic compounds in 
the sediment. Some such laminated clays 
contain burrows, indicating that in those 
cases bottom conditions were not totally 
inhospitable to infaunal life, but com- 
monly only one burrow type is present. 
Almost invariably it is Chondrites. The 
Lower Jurassic (Toarcian) Posidonien- 
schiefer Formation in southern Germany 
exemplifies this type of occurrence (6),  
where at  certain horizons Chondrites oc- 
curs profusely and to the near exclusion 
of all other trace fossils in a black, carbo- 
naceous shale (Fig. 1A) that also con- 
tains exquisitely preserved body fossils 
with very delicate features (crinoids) and 
even organic tissues (marine reptiles and 
fish: the periostracum of ammonites). 

Trace fossil assemblages in Lower 
Cretaceous (Barremian-Albian) deep-sea 
deposits from the Atlantic Ocean reflect 
the response of benthic communities to 
major changes in oxygen concentrations 
of bottom and interstitial waters during 
cyclic oceanic anoxic events (7, 8). 
Light-colored, totally bioturbated lime- 
stone containing a diverse trace fossil 
suite alternates regularly with black, 
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