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GEOLOGIC INVESTIGATIONS OF THE 1986
MARRYAT CREEK, AUSTRALIA, EARTHQUAKE—
IMPLICATIONS FOR PALEOSEISMICITY IN
STABLE CONTINENTAL REGIONS

By Michael N. Machette, Anthony J. Crone, and J. Roger Bowman
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ABSTRACT

On March 30, 1986, an earthquake of surface-wave
magnitude (M) 5.8 generated about 13 km of surface rup-
tures in the remote northern part of South Australia. This
earthquake is significant because it occurred in the interior
of the tectonically stable Precambrian shield (craton) of
the Australian plate, about 2,000 km from the nearest plate
margin. It joins only nine other historic earthquakes in the
world that have produced documented surface ruptures in
the stable interior of continents such as Australia. The
earthquake epicenter (lat 26.22° S., long 132.82° E.) is
near new fault scarps that were found along the upper
reaches of Marryat Creek. The surface ruptures have a
boomerang (open-chevron) shape in map view and were
formed by compression, as were most other historic sur-
face ruptures in Australia. Ruptures along the 5.5-km-
long west trace trend 078° and record reverse-sinistral slip
having a south-over-north sense of throw. Ruptures along
the 7.5-km-long south trace trend 005° and record reverse-
dextral slip having a west-over-east sense of throw.

P-wave, first-motion directions of the Marryat Creek
main shock show a combination of reverse and strike-slip
movement and indicate near-horizontal, northeast-south-
west-directed compression. In contrast, analysis of the
teleseismic body waves indicates almost pure thrust fault-
ing on a fault plane that strikes 148°+20° and dips about
35°+20° SW. The body-wave data indicate an almost hor-
izontal east-northeast-oriented compression direction
P-axis). The main shock focal depth is estimated to be 0-3
km, and the computed seismic moment of 5.8x1024 dyne-
cm is consistent with an average slip of 0.3 m on a 13-km-
long, 3-km-deep fault in Precambrian cratonic rock.

! Australian National University, Canberra, ACT, Australia; now at
Australian Seismological Centre, Australian Geological Survey Organisa-
tion, Canberra, ACT, Australia.

During our reconnaissance study of the Marryat
Creek surface ruptures in the austral winter of 1990, we
measured a maximum surface offset of 0.6 m near the
apex of the ruptures. This offset diminishes to 0.1 m or
less at the farthest points where the scarp is still recogniz-
able. Within a few months of the earthquake, 84 topo-
graphic profiles were surveyed across the scarp to
document the amount of vertical offset caused by the
faulting. Based on these data, the average vertical offset
along the entire length of the scarp is 28.5 cm, compared
to a maximum vertical offset of 90 cm that was measured
at one point. Widespread evidence of the reverse compo-
nent of faulting was still visible, although sparse evidence
remained of the subequal amounts of lateral movement.
Where evidence of lateral slip was present, the slip direc-
tions and amounts indicated northeast-directed horizontal
compression, which agrees with the direction indicated by
the seismological data.

We excavated one trench across each trace of the
1986 surface ruptures to investigate the prehistoric activity
and recurrence of surface-rupturing earthquakes on this
fault and to characterize the near-surface deformation
caused by the 1986 event. The trenches show that the
1986 surface ruptures are associated with faults that dip
45°t10° to the south or west in the shallow subsurface
and cut Proterozoic bedrock (granite and greenstone), an
overlying layer of upper Quaternary(?) fluvial and collu-
vial deposits, and a thin mantle of Holocene(?) eolian sand
that forms the modern ground surface.

Movement during the 1986 earthquake was mostly
confined to the most prominent slip plane within a wider
zone of older faults. Intensely fractured and altered bed-
rock adjacent to the 1986 failure planes indicates that the
1986 earthquake reactivated preexisting ancient faults that
are part of a major fault zone or zones. Many fractures

Bl
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Table 1. Historic earthquakes in Australia that have produced surface ruptures.
[M;, surface-wave magnitude of the earthquake. WA, Western Australia; SA, South Australia; NT, Northern Territory. There were three major earthquakes

in the Tennant Creek sequence]
Surface Maximum
Date of earthquake Location of earthquake M rupture length  scarp height Main reference
(kilometers) (meters)
October 14, 1968 .................. Meckering, WA.........c.......... 6.8 37 35 Gordon and Lewis (1980).
March 11,1970 .................... Calingiri, WA ...........coeen. 5.7 3 <0.4 Gordon and Lewis (1980).
June 6, 1979......oooeeee. Cadoux, WA ...........ccoevree. 6.4 28 <14 Lewis and others (1981).
March 30, 1986 .........ccene.e Marryat Creek, SA................ 58 13 <0.9 McCue and others (1987).
January 22,1988 .................. Tennant Creek, NT .............. 6.3-6.7 32 <2.0 Bowman and others (1990).

show no evidence of 1986 movement but instead are filled
with sheared rock or clayey gougelike material that pre-
sumably formed during prehistoric slip events.

We found no stratigraphic or structural evidence of
Quaternary movement on the faults that were exposed in
the trenches. Thus, any earlier surface-rupturing earth-
quakes must predate the oldest Quaternary deposits in the
trenches. On the basis of soil development, we believe that
the oldest Quaternary deposits in the trenches are probably
early late Pleistocene in age (less than about 140 ka (thou-
sand years) old), although an experimental uranium-trend
analysis suggests a geologically unreasonable age of only
8+6 ka. The absence of any physiographic expression of
ancient fault scarps or topographically aligned hills in this
low-relief landscape in an arid climate suggests that the
recurrence for surface-rupturing earthquakes is long—on
the order of 100,000 years or more. However, because
very old (middle Pleistocene or older) surficial deposits
were not present in the trenches and because some suspi-
cious geomorphic relations exist along the south trace of
the fault, we cannot preclude the possibility of early Qua-
ternary movement on the fault zone. If early or middle
Quaternary movement did occur, then this ancient surface
faulting is consistent with our conclusion that the recur-
rence of surface rupturing is measured in time intervals of
at least hundreds of thousands of years or more.

Our investigations of the historical faulting at Marryat
Creek, Tennant Creek, and Meckering in Australia and
paleoseismologic data from the Meers fault in the United
States all suggest that intraplate faults may have long repeat
times for surface rupturing. Based on these observations,
we suggest that the concept of recurrence intervals may not
be appropriate for faults in stable continental interiors. Per-
haps earthquake-hazard assessments for intraplate settings
should be based on infrequent random earthquakes that
occur on suitably oriented faults rather than only on faults
having demonstrable Quaternary movement.

INTRODUCTION

Only ten historic earthquakes are known to have pro-
duced surface ruptures in the tectonically stable interior of

continents (table 1). Half of these earthquakes have
occurred in Australia since 1968. On March 30, 1986, an
earthquake having a surface-wave magnitude (M;) of 5.8
produced about 13 km of surface rupturing near the upper
reaches of Marryat Creek in the remote northern part of
South Australia. The Marryat Creek earthquake nucleated
at shallow depth in Proterozoic rocks of the Musgrave-
Mann Block, almost 2,000 km from the nearest continen-
tal plate margin (fig. 1). The surface rupture is near
Gosses Bore (well) on Anangu Pitjantjatjara freehold land
about 45 km east-northeast of Kenmore Park, where
ground shaking caused only minor damage. Owing to its
remote location and recent occurrence, the Marryat Creek
earthquake offers a valuable opportunity to collect geo-
logic data on the long-term activity and characteristics of
seismogenic faults in the interior of stable continental
plates. In this report we use the term “seismogenic” to
describe faults that are capable of generating large (M 6+)
earthquakes and which are typically associated with sur-
face rupturing and damage from ground motion.

Earthquakes are commonly divided in two major cat-
egories on the basis of their general tectonic setting: inter-
plate earthquakes, which occur along or near the margins
of lithospheric plates, and intraplate earthquakes, which
occur in the interior of the plates. The concept of plate
tectonics provides the broad geologic framework for
understanding the fundamental causes and driving forces
that produce interplate earthquakes—most interplate earth-
quakes result directly from the differential movement at
the boundaries between adjacent lithospheric plates. In
contrast, the tectonic framework and causes of intraplate
earthquakes are very poorly understood (Sykes, 1978;
Johnston, 1987).

Intraplate earthquakes can be further subdivided by
whether their tectonic setting is related to plate-margin
interactions (for example, backarc basins) or is distant
from plate margins (Scholz and others, 1986) and mostly
isolated from plate-margin interactions. Earthquakes in the
latter group are usually considered to occur in the stable
interior of continental plates (Johnston, 1989).

Historical records clearly show that earthquakes
occur much less frequently in stable continental interiors
than at plate boundaries; however, intraplate earthquakes
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Table 2. Climatic data for recording stations near the Marryat Creek study area.
[Data from Bureau of Meteorology, 1988. Number of years of record, if known, is shown in brackets; n.d., not determined. NT, Northern Territory; SA,

South Australia]
Distance and direction Elevation Mean annual precipitation Mean daily temperature (°C)

Recording station from Marryat Creek (meters) (millimeters) Maximum Minimum
Alice Springs, NT.............. 300 km to north-northeast. ........... 550 274 nd. n.d.
Ayers Rock, NT................. 220 km to west-northwest. ........... 526 331[19] 29.2[16]) 12.7[16]
Curtin Springs, NT ............ 150 km to northwest..................... 488 221 [32] 29.1[21] 12.8[21]
Kulgera, NT ........ccocveurnene. 60 km to northeast....................... 526 251 [14] 282 [5] 13.0 [5]
Coober Pedy, SA ............... 360 km to south-southeast. ........... 215 153 [56] 27.7121] 13.5[21]

Creek sites probably receive from 175 to 225 mm of pre-
cipitation, most of which falls in the warm months,
although the historical records indicate that rainfall is
quite variable from year to year (Coats, 1963). Vegeta-
tion in the Marryat Creek area consists mainly of hardy,
low-growing, native grasses, scattered clumps of mulga
(Acacia spp.) bushes, and small trees. The major drainages
are lined with large eucalyptus and native fig (Ficus plary-
poda) trees (Coats, 1963). We estimate that vegetation
covers about 10-25 percent of the faulted surfaces.
Because of the arid climate, Marryat Creek is generally
dry and flows infrequently, only about once every 5 years
after very heavy rainfall (R. Lodge, Mildara Earthmovers,
Kenmore Park, South Australia, oral commun., 1990).

During our week-long field study, we obtained most
of our geological data from two exploratory trenches that
were excavated across the 1986 scarps. These trench
exposures allowed us to document the style of the near-
surface deformation caused by the 1986 earthquake. We
also deployed a temporary network of eight portable seis-
mographs during our field studies with the hope of record-
ing a sufficient number of late aftershocks to define the
orientation of the fault plane that was responsible for the
1986 earthquake. In populated areas, cultural modification
quickly destroys critical details of surface ruptures and
important geological evidence about near-surface faulting.
These modifications interfere with one’s ability to compre-
hensively document the amount of offset and the geometry
and characteristics of the surface ruptures. Fortunately,
the 1986 ruptures are in a virtually unpopulated area, and
surface effects should be preserved longer than if they
were close to populated areas.
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GEOLOGIC SETTING OF THE
MARRYAT CREEK EARTHQUAKE

The Marryat Creek earthquake occurred at the eastern
end of the Musgrave Block (fig. 2), which is comprised
mainly of Proterozoic-age Musgrave-Mann gneiss and
Kulgeran granitoid rocks (Conor, 1978a, b, ¢, d). The Prot-
erozoic history of the Musgrave Block was dominated by
the Musgravian orogenic cycle. The oldest isotopically
dated event in this cycle is an episode of probable high-
grade metamorphism about 1,650-1,600 Ma (Plumb, 1979).
About 1,390-1,350 Ma, volcanic and marine sedimentary
rocks in the block were metamorphosed. The final phase of
the Musgravian orogenic cycle consisted of granulite-phase
metamorphism about 1,250 Ma, emplacement of the Kul-
geran granites about 1,150-1,100 Ma, and, finally, an epi-
sode of brittle fracturing and emplacement of mafic and
ultramafic intrusions along west-trending thrust faults
(Plumb, 1979) about 1,100-900 Ma (Conor, 19784, b, c, d).

2We use U.S. Geological Survey approved time terms in this report.
Thesc terms are abbreviated as follows: Ma, mega-annum (years) ago; m.y.,
millions of years; ka, kilo-annum (years) ago; and k.y., thousands of years.
In addition, for the purpose of this report we use the following informal time
terms Holocene, past 10 ka; late Pleistocene, 10-130 ka; Pleistocene, 10
ka—-1.6 Ma; and Quaternary, past 1.6 Ma.
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Figure 3. Simplified geologic map of the Marryat Creek surface
ruptures. Geology generalized from Conor (1978a); trace of surface
ruptures from Bowman and Barlow (1991). Large arrows indicate
approximate direction of horizontal compression. Epicenter of
main shock from McCue and others (1987).

The various Proterozoic rocks form crystalline basement
that, in the study area, is locally covered by scattered
patches of Tertiary rocks and Quaternary deposits (pl. 2/).

The locations of the 1986 surface ruptures coincide in
part with the Marryat fault zone, a roughly east- to west-
northwest-trending zone of Proterozoic faults (pl. 27). As
mapped by Conor (1978a), the fault zone is defined by a
system of aligned 1,100-900-Ma noritic plutons and doler-
itic dikes and by a 5-km-wide zone of mylonite and
pseudotachylite. The overall trend of the dikes is generally
subparallel to the trend of the fault zone, but individual
dikes have a variety of orientations. The mylonite and
pseudotachylite, which are interpreted as evidence for
ancient faulting, are characterized by almost ubiquitous
brecciation of the country rock (Conor, 1978a, d).

The Precambrian to Quaternary geologic history of
the Marryat Creek area is sketchy owing to extensive
erosion and a paucity of rock outcrops. In general, the

oldest preserved rocks that lie on Proterozoic basement
are late Tertiary in age (fig. 3, pl. 21). These rocks con-
sist of residual deposits (silcrete and ferricrete) and trans-
ported deposits that contain rounded pebbles of quartz,
silcrete, calcrete, or petrified wood. The present-day dis-
tribution of the Tertiary deposits generally conforms to
paleolandscapes, particularly higher level stream chan-
nels. Near the new surface ruptures, the Proterozoic rocks
are overlain by late(?) Tertiary residuum, Quaternary
clastic deposits (alluvium, colluvium, and eolian sand),
and soils. The only Tertiary deposits mapped near the
ruptures are small areas of deeply weathered, kaolinized
Proterozoic rock and isolated remnants of deposits that
mantled former (Tertiary) land surfaces, such as calcrete
or ferricrete (fig. 3) (Conor, 1978a). The Quaternary
deposits consist of alluvium in the modern drainage chan-
nels and colluvial and fluvial gravels in the interfluve
areas that are capped by a thin veneer of eolian sand.
The colluvial and fluvial gravels commonly have moder-
ately developed soil profiles that consist of a thin A and
a clay-enriched calcareous B horizon and (or) a siliceous
horizon (Soil Survey Staff, 1975).

SEISMOLOGY OF THE 1986
MARRYAT CREEK EARTHQUAKE

The Marryat Creek earthquake occurred in central
Australia near lat 26.22° S, long 132.82° E. (McCue and
others, 1987). It caused no significant damage in the
mostly unpopulated region, although several small com-
munities and settlements are within about 50 km of the
earthquake’s epicenter (fig. 2, pl. 2I). Prior to 1986, the
Marryat Creek region was virtually aseismic and no his-
torical earthquakes had been felt in the area. Our discus-
sions with Pitjantjatjara people indicate that they do not
have an aboriginal word or expression for earthquake. The
only earthquake recorded within 100 km of the 1986 event
is a poorly located M 3.0 event on August 13, 1983
(McCue and others, 1987). The closest source of regular,
moderate earthquake activity is in the Simpson Desert,
250-350 km to the southeast of Marryat Creek, where
several M>6 earthquakes have occurred since 1939.

The main shock of the Marryat Creek earthquake had
a surface-wave magnitude (Mj) of 5.8, a body-wave magni-
tude (mp) of 5.7 (McCue and others, 1987), and a seismic
moment (M,) of 5.0-5.8x1024 dyne-cm (Fredrich and oth-
ers, 1988; Boatwright and Choy, 1992). A focal mechanism
determined from P-wave first-motion directions shows a
combination of reverse and strike-slip movement and indi-
cates near-horizontal, northeast-southwest-directed com-
pression (McCue and others, 1987). In contrast, the
analysis of teleseismic body waveforms indicates almost
pure thrust faulting on a shallow-dipping (35°£20° SW.)
fault plane that strikes 148°120° (Fredrich and others,
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1988). The body-wave data indicate a near-horizontal com-
pression direction (P-axis) that is directed to the east-north-
east (066°). The main shock focal depth is estimated to be
between 0 and 3 km (Fredrich and others, 1988).

The Marryat Creek earthquake was followed by few
aftershocks. McCue and others (1987) reported that, dur-
ing the 12 days after the main shock, only 17 aftershocks
were large enough to be recorded at the permanent seis-
mograph station in Alice Springs, about 300 km to the
northeast. The detection threshold of this station is about
magnitude 2.0 for earthquakes in the Marryat Creek area
(McCue, 1990). The Australian Seismological Centre only
reported and located 13 aftershocks of the Marryat Creek
earthquake. In the few weeks following the main shock,
only seven earthquakes occurred that had local (M;) or
duration (Mp) magnitudes of 2.8 or greater; the largest of
these was My 4.2 (from 1986 catalog of the Australian
Seismological Centre). The largest aftershock was an M
5.6 (my, 5.6) earthquake that occurred on July 11, 1986,
more than 3 months after the main shock. This aftershock
was located about 10 km northwest of the main shock and
probably occurred on a fault other than the one that rup-
tured during the main shock (Bowman and others, in
press). The few microearthquakes that followed the July
11 event marked the end of the Marryat Creek aftershock
sequence as recorded by regional stations.

LOCAL EARTHQUAKE MONITORING AT
MARRYAT CREEK

We deployed a temporary network of eight portable
seismographs around the 1986 fault scarp with the hope of
recording enough aftershocks to better define the location
and attitude of the 1986 fault plane at hypocentral depths.
Although 4 years had elapsed since the main earthquake,
lengthy aftershock sequences from two other major Aus-
tralian earthquakes suggested that a sufficient number of
microearthquakes might be occurring at Marryat Creek to
warrant the study. For example, 4 years after the 1988
Tennant Creek earthquakes in the Northern Territory of
Australia (Crone and others, 1992), 3-10 aftershocks per
day were still being recorded at the nearby Warramunga
array (Bowman and others, in press), and aftershocks
recorded in 1983 defined a fault plane having a dip and
orientation consistent with the surface rupture from the
1979 Cadoux earthquake in Western Australia (Dent,
1988).

The temporary network consisted of four seismo-
graphs recording digital data on nine-track magnetic tapes
and four instruments recording analog data on magnetic
tapes. The instruments operated for 12 days from August
31 to September 11, 1990, at locations that were geograph-
ically located using a Global Positioning System (GPS)
receiver (Bowman and others, in press). Unfortunately, the
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Figure 4. Index map of Marryat Creek surface ruptures. Dis-

tance from west end of scarps (in kilometers) is shown by ticks,
trench locations are shown by black boxes, and dirt roads are shown
by dashed lines. The epicenter reported by McCue and others
(1987) is shown by large star (lat 26.22° S., long 132.82° E., about
3 km west-southwest of the two trench sites, Marryat Creek South
and Marryat Creck West (MCS and MCW). The earthquake with a
duration magnitude (Mp) of 2 that was recorded by the 1990 tem-
porary network is shown by a small star. A (inset), Focal mecha-
nism and P- (compressional) and T- (tensional) axes for the Marryat
Creck main shock as determined by P-wave first motions by Mc-
Cue and others (1987). The preferred fault plane of this mechanism
has a strike of 094°, dip of 67° S., and a large sinistral slip compo-
nent. B (insct), Fault plane solutions for the Marryat Creek main
shock as determined from teleseismic body waveform analysis by
Fredrich and others (1988). The solution indicates almost pure
thrust-fault motion. The preferred fault plane strikes 148° and dips
about 35° SW,

seismometer cables for two of the stations, which had been
buried during installation, were exhumed and destroyed by
cockatoos and dingoes, thus reducing the amount of data
obtained from these stations.

Two local seismic events were recorded by the tem-
porary network, in addition to numerous regional and
teleseismic events. Seismograms for these two events are
shown in Bowman and others (in press). These events
were located using HYPOELLIPSE (Lahr, 1980) and
assuming the same velocity model that was used to locate
the Tennant Creek aftershocks (Bowman, Gibson, and
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Jones, 1990). The two local shocks had estimated dura-
tion magnitudes (Mp) of 1 and 2. The Mp 2 event
occurred near the south trace of the 1986 fault scarp
(fig. 4) at a depth of 1.1£1.4 km. The Mp 1 event was
outside the network, but, assuming a focal depth of 5 km,
its epicenter would have been about 14 km northwest of
the fault scarp (lat 26°520” S., long 132°4326” E.).

It is unwise to draw any conclusions on the basis of
only two local earthquakes; however, the location of the
Mp 2 event close to and on the downdip side of the sur-
face rupture suggests that it was an aftershock of the 1986
earthquake. The location of the Mj, 1 event with respect to
the 1986 scarp indicates that it probably has no direct rela-
tion to the 1986 event, although it might be related to a
localized increase in stress in the area near the main shock
rupture (for example, Das and Scholz, 1981).

A comparison of the seismic activity at Marryat
Creek with other recent central Australian earthquakes
reveals a wide range of aftershock activity that follows
major intraplate earthquakes. The 1989 Ayers Rock,
Northern Territory, earthquake (m; 5.8) represents one
extreme case of aftershock activity. This earthquake,
which had a magnitude comparable to the Marryat Creek
earthquake, completely lacked aftershocks (Bowman, Col-
lins, and others, 1990). In contrast, the 1988 Tennant
Creek, Northern Territory, earthquake sequence represents
the other extreme case. At Tennant Creek, about 100 after-
shocks per month were occurring 4 years after the main
shocks (Bowman and others, in press). At Marryat Creek,
the main shock was immediately followed by a modest
number of aftershocks, and a few very small aftershocks
occurred 4 years after the main shock.

GEOLOGICAL EFFECTS OF
SURFACE RUPTURING

The Marryat Creek earthquake generated a boomer-
ang-shaped surface rupture approximately 13 km long (fig.
3). The east-west-trending section (hereafter referred to as
the west trace) is 5.5 km long and has an average trend of
078°. The north-south-trending section (hereafter referred
to as the south trace) is 7.5 km long and has an average
trend of 005° (fig. 4) (Bowman and Barlow, 1991). The
apex of the boomerang-shaped trace is formed by a kilo-
meter-long, west-northwest-trending section of scarps that
cross the channel of an unnamed major tributary of
Marryat Creek (pl. 21). In August 1990, more than 4 years
after the earthquake, scarps, small ground ruptures, and
other surficial features were still evident along about 5.3
km of the west trace and about 6.8 km of the south trace,
but many intricate details of the deformation had been
destroyed by erosion and by grazing cattle.

The character of the surface ruptures varies along the
trace of the scarp. In some places, the rupture is marked

by a discrete fault scarp that is composed of a gentle to
flat slope on the uplifted (hanging wall) block, an asym-
metric bulge and steep slope or free face at the point
where the ground has ruptured, and a generally planar sur-
face on the footwall. In other places, the surface deforma-
tion is expressed as a sinuous bulge and warping of the
ground surface to form a pressure ridge. Topographic pro-
files across the ruptures (Bowman and Barlow, 1991; this
study) show that the deformation is primarily in the hang-
ing wall and is minimal in the footwall. En echelon off-
sets in the scarps are common along strike, and individual
echelon sections of scarps are typically separated by
ramps or monoclines.

SURFACE OFFSET

The maximum surface offset that we measured in
1990 was 0.6 m near the apex of the surface ruptures. This
offset diminishes to 0.1 m or less at the most distant
points where we could clearly identify 1986 deformation
(fig. 3). When the surface ruptures were mapped in 1986,
surveyors from the Australian Surveying and Land Infor-
mation Group (AUSLIG) measured 84 topographic pro-
files across the trace of the surface ruptures and calculated
the vertical offset caused by the faulting (table 3). We
computed the average amount of vertical offset along the
scarps (table 4) by selecting 50 representative offset val-
ues at approximately equally spaced sites along the fault
(typically 3 or 4 values per kilometer). The plot of these
values (fig. 5) shows the large variability in offset along
the fault, the result, in part, of the en echelon pattern of
the surface ruptures. The average vertical offset along the
ruptures is 28.5 cm, which agrees with the estimated
amount of fault slip based on the seismological data. The
computed seismic moment for the main shock indicates an
average of 0.3 m of slip on a 13-km-long, 3-km-deep fault
(Fredrich and others, 1988). The maximum offset is 0.9 m
and was measured on the west trace near the apex of the
fault (at distance 5.2 km, fig. 5), about 195 m west of our
Marryat Creek West trenching site.

LATERAL SLIP

McCue and others (1987) reported as much as 0.8 m
of left-lateral slip on the west trace. Unfortunately, the
only permanent cultural feature that crosses the scarp is a
one-lane dirt track (the east-west road to Gosses Bore, pl.
2I). During the 4 years between the earthquake and our
fieldwork, most evidence of lateral slip was obliterated.
Animal trails and small ephemeral stream channels and
rills were the only features that offered the potential to
estimate the amount and direction of lateral slip. The area
is actively grazed by cattle, so virtually all of the trails had
been used and modified between the time of the
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[Distance (in kilometers) is measured from the western end of the scarp. Vertical displacement (in centimeters), measured as scarp height, is from Bowman

and Barlow (1991)]

Station Station Station

number Distance Height number Distance Height number Distance Height
400 12.98 17 430 548 50 675 5.01 50
401 12.63 30 431 5.38 50 676 5.00 20
402 12.27 40 432 535 70 677 4.97 40
403 12.08 15 433 3.95 20 678 4.90 35
404 12.02 20 434 3.66 20 679 4.87 35
405 11.82 5 437 3.26 30 680 4.82 30
407 11.53 4 439 2.84 15 681 479 35
408 11.42 3 440 2.57 25 682 4.76 40
410 10.78 3 441 2.34 20 684 4.66 30
411 10.52 12 442 2.23 20 685 4.60 30
412 10.26 20 443 2.03 20 686 4.58 4
413 943 35 444 2.01 10 688 4.57 30
414 9.20 20 351 1.80 20 689 448 15
415 9.00 20 446 1.20 30 690 441 40
416 8.58 20 447 84 15 691 439 40
417 8.02 25 448 .65 10 692 4.36 35
418 7.68 25 449 44 10 693 4.13 15
419 7.42 45 Second data set Third data set
420 7.16 50 664 5.40 60 1 10.00 48
421 7.00 20 665 5.33 20 2 8.25 26
422 6.62 40 666 5.32 50 3 7.95 31
423 6.48 45 667 525 70 4 7.00 30
424 6.25 35 668 523 90 5 6.76 48
425 6.02 35 669 5.20 80 6 5.89 31
426 5.89 30 670 5.20 50 7 5.51 62
427 5.70 40 671 5.16 50 9 5.30 36
428 5.65 70 672 5.14 30 9d 5.32 42
429 5.56 50 673 5.04 30 10 428 20
450 5.55 40 674 5.03 30

Table 4. Values of vertical displacement used to calculate average displacement along the Marryat Creek fault scarp.
[Station numbers and heights are from tables 2 and 3 of Bowman and Barlow (1991). Distance (in kilometers) is measured along trace of ruptures from the
western end of the scarp; height is in centimeters. Data were selected to provide 3 or 4 measurements per kilometer, where available]

Station

Station

Station

number Distance Height number Distance Height number Distance Height

400 12.98 10 419 7.42 45 688 4.57 30
401 12.63 30 420 7.16 50 692 4.36 35
402 12.27 40 421 7.00 20 693 4.13 15
403 12.08 15 422 6.62 40 433 3.95 20
404 12.02 20 423 6.48 45 434 3.66 20
405 11.82 5 424 6.25 35 437 3.26 30
407 11.53 4 425 6.02 35 439 2.84 15
408 11.42 3 426 5.89 30 440 2.57 25
410 10.78 3 427 5.70 40 441 2.34 20
411 10.52 12 429 5.56 50 442 223 20
412 10.26 20 430 5.48 50 443 2.03 20
413 9.43 35 432 5.35 70 351 1.80 20
414 9.20 20 669 5.20 80 446 1.20 30
415 9.00 20 671 5.16 50 447 .84 10
416 8.58 20 675 5.01 50 448 .65 10
417 8.02 25 678 4.90 35 449 44 10
418 7.68 25 682 4.76 40

Number of measurements=50

Sum of height measurements=1,427 cm
Average height of scarp=28.5 cm



B10 PALEOSEISMOLOGICAL STUDIES IN AUSTRALIA

80 .
2]
o
u
B 60
2 .
% . .
40 J .
o ope o .
z . . 0 . .
' . .
% 20 . . 0
o o . .
I
[l N .
0 T T T T T T ul
0 2 4 6 8 10 12 14

DISTANCE, IN KILOMETERS

Figure 5. Plot of vertical surface displaccment associated with
the 1986 Marryat Creek earthquake. Data are from table 4; solid cir-
cles represent raw data, line represents smoothed data.

earthquake and our fieldwork. Nevertheless, some cattle
trails retained equivocal evidence of lateral movement,
and we found two well-established trails that we believe
yielded valid estimates of lateral slip: (1) a maximum of
0.5 m dextral slip on the south trace near the apex, about
100 m north of the Gosses Bore road, and (2) 0.6 m of
sinistral slip on the west trace, about 45 m west of the
Marryat Creek West trench (fig. 4).

The morphology of the scarps and apparent directions
of lateral slip are consistent with thrust faulting on a
south-dipping plane on the west trace and on a west-dip-
ping plane on the south trace. Assuming that both of these
planes ruptured during the main shock and that the main
shock nucleated at the intersection of these planes, the
hypocenter of the main shock would be south and west of
the apex of the scarp. Our measurements and those of
McCue and others (1987) suggest that the reverse slip on
the fault, which remains as the most visible component of
faulting, was accompanied by comparable amounts of lat-
eral slip along some parts of the ruptures. On the basis of
an east-northeast (066°) maximum compression direction
(Fredrich and others, 1988) and the orientation of the
scarps, we would expect the largest amount of lateral
motion to be along the eastern part of the west trace (near
the apex), where the vertical component is relatively large
and where the scarps are oblique to the primary compres-
sion direction. The 0.6 m of sinistral slip that we measured
west of the Marryat Creek West trench is consistent with
this expectation.

EVIDENCE OF PREEXISTING FAULT SCARPS

The only evidence of preexisting (Quaternary) fault
scarps along the trace of the 1986 surface ruptures is along
the southern end of the south trace where the upthrown
block of the fault coincides with a subdued ridge that has
about 2-5 m of local relief. Although this ridge could be
interpreted as evidence for prior surface rupturing, it is not
persistent along the higher and presumably older parts of

the landscape that were offset in 1986. At most places
along the trace (Bowman and Barlow, 1991) and at both
trenching sites, detailed scarp profiles (pl. 2B-D, F-H)
show almost planar surfaces on either side of the 1986
ruptures. Most likely, this ridge simply delineates areas
where the bedrock is slightly more resistant to erosion
than elsewhere along the fault and is not the vestige of an
ancient fault scarp.

Along much of the west trace, bedrock is exposed in
the hanging wall (south side of the fault trace), which
would be expected for a south-dipping reverse fault.
Repeated uplift of the hanging wall would tend to expose
bedrock on the south, whereas downdropping of the foot-
wall would trap sediment and bury bedrock on the north
(fig. 3). Although the presence of the subdued ridge and
this pattern of bedrock outcrops are suggestive of pre-
1986 faulting, we consider them to be, at best, circumstan-
tial evidence of prior Quaternary or late Tertiary surface
rupturing on these faults.

TRENCHING INVESTIGATIONS

Geological investigations of prehistoric surface-rup-
turing earthquakes offer valuable information about the
location and magnitude of ancient earthquakes and provide
insight into the long-term activity of seismogenic faults
over geologically meaningful periods of time (many thou-
sands of years), in contrast to the limited record from
instrumental or historical seismicity (tens to hundreds of
years). Thus, the primary objective of our study was to use
geological data to determine the prehistoric rupture history
of the faults that were activated in 1986. Geological inves-
tigations of ancient earthquakes are part of a relatively
new discipline known as paleoseismology, which is an
important element of earthquake-hazard assessment (Wes-
nousky and others, 1984; Crone and Omdahl, 1987).
Exploratory trenching is commonly a key component of
paleoseismic investigations because trenches can reveal
critical stratigraphic relations between faulted and
unfaulted deposits and can expose materials that will help
establish the time of prehistoric surface-rupturing events.

METHOD OF STUDY

Our objective in trenching the Marryat Creek scarps
was to expose old colluvial deposits that had accumulated
adjacent to ancient fault scarps. These deposits would pro-
vide evidence of, and information about, prehistoric rup-
turing on these faults. For example, the thickness and
dimensions of scarp-derived colluvium can be used to esti-
mate the height of a prehistoric scarp, which provides a
general indication of the magnitude of the associated pre-
historic earthquake. In addition, the dating of Quaternary
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fault planes within this ancient fault zone were reactivated,
even though the shear fabric within the entire fault zone
was subparallel to the 1986 faults. Thus, the 1986
earthquake reactivated faults that probably have a long
history of recurrent movement. Unfortunately, strati-
graphic evidence of prehistoric movement on these faults
was not preserved in the trench.

The subdued landscape along the 1986 surface rup-
tures indicates that the recurrence of movement on these
faults during the late Cenozoic is long—probably 100,000
years or more in duration. We base this recurrence esti-
mate on our studies in southern New Mexico where we
have attempted to evaluate the preservation potential of
fault scarps in arid and semiarid climates. In southern
New Mexico, we estimate that 1-2-m-high fault scarps
formed on unconsolidated alluvial deposits are still recog-
nizable after about 100,000 years and that larger scarps
would persist longer in the landscape before they are
obscured by erosion. The climate and vegetation in south-
ern New Mexico is similar to that of the Marryat Creek
area, so we suspect that, if they existed, we could recog-
nize meter-high scarps in the Marryat Creek area that were
about 100,000 years old.

The presence of the granite outcrops in the hanging
wall (upthrown) of the fault that rise almost 1 m above the
surrounding low-relief terrain may be circumstantial evi-
dence of Quaternary(?) uplift in the hanging wall. The
presence of relatively fresh granite outcrops at the surface
in the hanging wall suggests that this side of the fault has
been elevated relative to the footwall and that deeply
weathered rock has been erosionally stripped from the
hanging wall. Conversely, only deeply weathered, exten-
sively altered and sheared bedrock is preserved in the foot-
wall block. These relations imply that the hanging wall has
been periodically uplifted, whereas rock in the footwall has
endured weathering for a long time. We speculate that this
differential uplift would have to be Quaternary in age to
keep relatively fresh granite at the surface.

DISCUSSION AND CONCLUSIONS

The Marryat Creek trenches provide ample evidence
that the 1986 surface ruptures reactivated selected strands
of ancient shear zones in Proterozoic crystalline rock
(granite and greenstone). Offset contacts that were
exposed in both trenches show that Quaternary deposits
were affected only by the 1986 surface ruptures. Any pre-
historic ruptures on these faults predate deposition of the
Quaternary deposits, yet equivocal geomorphic relations
provide circumstantial evidence of possible Quaternary(?)
movement on these faults. Accordingly, the age of the old-
est Quaternary deposits that were unfaulted before 1986
provides a minimum time since the penultimate surface-
rupturing event on this fault.

LIMITS ON THE TIMING OF PREHISTORIC
FAULTING AT MARRYAT CREEK

The stratigraphic evidence from both trenches indi-
cates that any prior faulting along the 1986 Marryat Creek
rupture zone must predate deposition of the unconsoli-
dated Quaternary sediments. Unfortunately, this general
statement offers little specific information about the mini-
mum time of the event and thus is of limited value in
characterizing the long-term activity on the Marryat Creek
fault. In this section we use quantitative soils data (clay
and carbonate contents) and uranium-trend data to esti-
mate the minimum time that must have lapsed since a pre-
vious Marryat Creek—type faulting event.

In semiarid and arid regions of the world, studies of
soils (pedology) and Quaternary geology have shown that
calcium carbonate accumulates gradually in the soil and
that this accumulation is mainly derived from airborne
sources. The soil carbonate is a product of dissolution and
downward translocation of Ca** derived from silt- and clay-
size calcium carbonate and from calcium that is dissolved
in rainwater. Worldwide studies of soils in arid and semi-
arid areas indicate that the calcium carbonate in calcic soils
is commonly supplied by calcareous airborne dust (see
Machette, 1985). The amount of available calcium is
dependent on, among other things, the proximity of local
sources of calcium such as limestone outcrops or
carbonate-rich lacustrine deposits. As a result, the rate of
calcium carbonate accumulation in soils can vary greatly
over a region. Near the Marryat Creek site, very little car-
bonate rock is exposed and the eolian sands that blanket the
area are generally noncalcareous. Thus, most of the calcium
that was supplied to the land surface and is now in the soils
was probably brought in as airborne dust and dissolved in
rainwater or it was derived from reworked calcic soil and
calcrete that are part of older, nearby landscapes.

Using the laboratory data for the soil at the Marryat
Creek South trench (table 6), we sum the total amounts of
calcium carbonate and clay in the soil and calculate the
total accumulation of these components (table 7). For car-
bonate at this site, we assume that it is a product of trans-
location of Ca** derived from airborne sources (a major
component) and from calcrete fragments in the gravel (a
minor component). Then, we obtain the amount of second-
ary carbonate by subtracting the quantity of primary car-
bonate (minor component) from the total carbonate.
Machette (1978) presented an example of this methodol-
ogy. We use a similar strategy for the clay, although there
are large uncertainties in estimating primary clay content
because of variations in depositional environments. The
amounts of secondary carbonate and clay, 13.1 g and
12.8 g, respectively (table 7), that have accumulated in the
soil are a direct measure of the time since the host deposit
became geomorphically stable (that is, the deposit was no
longer accumulating or being significantly affected by ero-
sion). Finally, by applying geologically determined rates
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Table 7. Data and calculations for net gain of clay and calcium carbonate content in a 1-cin? column through the relict soil in the

Marryat Creek South trench.

[Estimated values for the soil parent material units (cfg and fg) are shown in bold. Leader (-) indicates no value can be calculated. Values in pa.remhes.&s are
initial (modeled) amounts of clay and carbonate in soil parent material. These values are subtracted from weight gains reported in columns F and I to give net

gain for soil. Formulas for individual columns are as follows:
E=(A+100)xD (A is from table 6)

F=(BxCxE)+100

H=(A+100)xG I=(BxCxH)+100
Thickness of Bulk Clay content CaCO; content
Sample number sampled layer densi <2 mm Total Weight <2 mm Total Weight
(centimeters) (gom’)  (percent)  (percent) (grams)  (percent) (percent) (grams)
B ©) D) £ ) (&) () ‘@
MCS-2a................ 13 1.60e 20 13 2.7 15 9 1.9
MCS-2b................ 15 1.65¢ 24 14 35 21 12 3.0
MCS-2¢...ccovvuvenn. 15 1.65¢ 27 13 3.2 23 12 3.0
MCS-2d............... 15 1.7e 31 19 4.8 39 16 4.1
MCS-2e................ 15 1.7e 27 11 28 43 18 4.6
Unit cfg................. 73 1.65 (10) o) (6.0) (10) Q) 6.0)
MCS-=2f................ 15 1.65¢ 16 10 2.5 22 13 32
Unit fg.....cceveennene. 15 1.65 &) @3) ©.7 ©) A3) ©.7
Net gain................. - - - - 12.8 - - 13.1

of carbonate and clay accumulation in soils that have
developed in similar climatic and environmental settings,
we can estimate the amount of time that is required to
form the soils at Marryat Creek. Although this method is
fraught with uncertainties (Machette, 1978, 1985), it offers
a first-order estimate of the age of the landscape at the
Marryat Creek sites.

Unfortunately, there are no data on rates of soil for-
mation in the Marryat Creek region, mainly because there
have been no detailed stratigraphic studies or efforts to
date the Quaternary deposits. As noted previously, the
Marryat Creek region has a hot, arid to semiarid conti-
nental climate with annual rainfall of approximately
175-225 mm. Soils formed in similar climates and litho-
logic regimes in the southwestern part of the United
States (Machette, 1985) typically have accumulated cal-
cium carbonate at rates of 0.10-0.25 g of CaCO;3 per
em?k.y. If this general range in accumulation rates
applies to the soils at Marryat Creek, then the net gain in
secondary soil carbonate (13.1 g, table 7) could be
accomplished in as little as 52 k.y. (13.1 g at 0.25 g per
k.y.) to as long as 131 k.y. (13.1 g at 0.10 g per k.y.).
Inasmuch as the current rainfall at Marryat Creek falls in
the low end of the range stated above and there is no
known local source of abundant calcareous dust, the soil
is probably closer to the 130-ka age estimate than the 52-
ka age estimate. Furthermore, the overall degree of soil
development at Marryat Creek is consistent with this age
estimate. For comparison, soils with similar morphology
in the Western United States commonly are pre-late
Pleistocene in age (>130 ka; Birkeland, 1984; Machette,
1985). In addition, we emphasize that these estimates are
probably minimum values because unconformities (such
as between units fg and cfg in the Marryat Creek South
trench) can represent significant gaps in time.

Attempts to date the surficial material in which this
soil is formed were unsuccessful. A uranium-trend deter-
mination by D.R. Muhs (U.S. Geological Survey, Denver)
yielded a geologically unrealistic age of 8+6 ka. We do
not know why the soil yields such a young isotopic age,
but the development of the soil in terms of horizonation,
clay increase with depth, and calcium carbonate morphol-
ogy all strongly favor a markedly longer residence time.
No suitable material was found in either trench that could
be dated by traditional dating techniques, such as radiocar-
bon.

Geomorphically, the general lack of topographic
expression of a preexisting fault scarp in this low-relief
landscape and this semiarid climate implies that recur-
rence of surface-rupturing earthquakes is long—probably
a hundred thousand years or more. However, the argu-
ments we present with respect to the history of faulting
at the Marryat Creek West site allow some early Quater-
nary movement on this trace of the fault as indicated by
the presence of a subdued escarpment along parts of the
ruptures. Although these arguments are not compelling,
the circumstantial evidence of an episode of early or
middle Quaternary movement would also imply recur-
rence intervals that are at least a hundred thousand years
or longer.

THE RECURRENCE OF
SURFACE-FAULTING EARTHQUAKES IN
STABLE INTRAPLATE SETTINGS

The stratigraphic and structural observations from our
study provide only very broad limits on the recurrence of
surface-rupturing earthquakes on the faults that ruptured
during the 1986 Marryat Creek earthquake. We argue here
that the recurrence of surface rupture on the faults that
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slipped in 1986 is on the order of 100,000 years or more.
This is consistent with the conclusion from similar studies
of the 1988 Tennant Creek earthquakes in the Northern
Territory of Australia (Crone and others, 1992). Based on
these two studies, faults in the Australian craton that have
ruptured historically have very long recurrence intervals.
This observation agrees with the evidence of a long recur-
rence interval for surface-rupturing earthquakes on the
Meers fault in southwestern Oklahoma, which is the only
other fault we know of in a similar tectonic setting for
which there are comparable paleoseismic data (Crone and
Luza, 1990). If recurrence intervals of a hundred thousand
years or more are typical of individual seismogenic faults
in the stable interior of continents, then the hazard posed
by damaging earthquakes on a single fault is very small
compared to a human’s life span. The implications of our
findings with respect to seismic hazards in continental
interiors are discussed in more detail by Crone and others
(1992).

Geologic data on recurrent surface-faulting earth-
quakes in the stable interior of continental plates is very
limited, in part because historic ruptures in these settings
are rare. Therefore, the five surface-rupturing earthquakes
in Australia during the past 25 years provide a valuable
source of data. In addition to these historic ruptures, nine
prehistoric fault scarps have been identified in the south-
ern part of the Australian continent (fig. 1):

» The Lort River fault scarp near Hyden, the Mt. Nar-
ryer fault scarps, and scarps near Merredin (all in
Western Australia) (Gordon and Lewis, 1980; Den-
ham, 1988; McCue, 1990)

¢ The Campasp and Taurura scarps south of Cadell in
Victoria  (Tickell and Humphries, 1987; (Don
Cherry, oral commun., 1992)

* A piedmont scarp along the western base of the
northern part of the Flinders Range in northeastern
South Australia (Williams, 1973) '

* The Roopena and Ash Reef scarps on the Eyre Penin-
sula, northwest of Adelaide, South Australia (Bow-
man and others, 1993)

* A scarp that crosses Lake Edgar in southwestern Tas-
mania (McCue, 1990)

Paleoseismic investigations of some of these sites
could provide important additional data to refine our esti-
mates of the frequency of occurrence of major earthquakes
in the stable continental interior of Australia and other
similar regions in the world. A greater understanding of
the long-term activity of potentially seismogenic faults in
the continental interiors will provide a more complete pic-
ture of the geological processes that cause continental
crust to rupture catastrophically and ultimately will lead to
improved earthquake-hazard assessments in both Australia
and other so-called stable continental regions.
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DESCRIPTION OF UNITS EXPOSED IN
THE TRENCHES

In the following discussion, the surficial units are
classified according to the predominant grain size of the
material in the deposit. For example, a deposit that con-
tains 25 percent sand and 75 percent gravel is a sandy
gravel on the basis of its overall grain size; however, the
textural description of this deposit is based on the texture
of the <2-mm fraction and is named and classified
according to the soil terminology of the Soil Survey Staff
(1975). For the preceding example of the sandy gravel, if
the <2-mm fraction is composed of 25 percent clay, 25
percent silt, and 50 percent sand, then texturally this
sandy gravel is classified as a sandy clay loam, and the
deposit is classified as a very gravelly sandy clay loam
(fig. 19). The (+) and (-) designations are informal and
indicate clay-enriched and clay-depleted samples, respec-
tively, within an individual textural class. Soil-color nota-
tions were determined by comparing soil peds to a
Munsell Color Chart (Munsell Color Co., Inc., 1954) and
are followed by “m” to show the color of a moist sample
or by “d” to show the color of a dry sample.

MARRYAT CREEK SOUTH TRENCH

Eolian sand (unit es). Quaternary well-sorted, nonstrati-
fied, fine- to coarse-grained, subangular to sub-
rounded sand that contains the generally
noncalcareous upper part of a soil that extends to the
top of Proterozoic bedrock (units ra and rf). Soil in
unit s has a 2-cm-thick A horizon with weak, platey
structure (table 8; not sampled) and a Bs or Bt hori-
zon (2-17 cm depth). B horizon is red (2.5YR 4/7
m), has a loamy sand (+) to sandy loam texture (as
estimated in the field), and contains less than 5 per-
cent gravel (subangular fragments of calcrete derived
from underlying deposit). The <2-mm fraction is
slightly sticky and slightly plastic, has medium to
fine, moderate, subangular blocky structure, and is
loose to weakly friable. Sand grains have few thin
clay films, none on peds; no secondary carbonate is
visible, but sand is calcareous (about 15 percent
CaCO3, table 8). Lower contact is abrupt and
smooth. Thickness is 17 cm, but locally as much as
20 cm. For comparison, eolian sand adjacent to the
nearby stream has sand (+) texture and is red (2.5YR
4/8 d).

Colluvial and fluvial gravel (unit cfg). Quaternary poorly
sorted, nonstratified, subangular to subrounded grav-
elly sand deposited by colluvial (slope wash and
debris flow) and fluvial processes. Most of unit is
matrix supported but contains minor lenses of clast-
supported gravel. Most clasts are 1-2 cm in diameter
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Figure 19, Grain-size distribution for textural classes (Soil Sur-
vey Staff, 1975). Sand is defined as particles between 2.0 mm and
0.05 mm in diameter, silt between 0.05 mm and 2y, and clay less

than 2y.

but largest are about 20 cm. Clasts consist of carbon-
ate-rich rock, weathered diabase(?), and grussified
granite. Unit contains the medial, clayey and calcare-
ous (Btk and Bkq horizons) part of a soil that extends
from surface (in unit es) to the top of Proterozoic
bedrock (units ra and rf). Thickness of gravel varies
from about 5 c¢cm to as much as 75 cm (as described
here).

Btk is yellowish red (SYR 5.5/6 d), has a sandy clay loam
texture (samples MCS-2b, MCS-2c, table 8), and is
sticky and slightly plastic in upper 20 cm to slightly
sticky and very slightly plastic in lower 20 cm.
Gravel content increases from 10 percent near top
(pebble size; 80 percent subangular fragments of cal-
crete and 20 percent angular lithic fragments) to
about 50 percent (pebble size; 60 percent subangular
fragments of calcrete and 40 percent angular lithic
fragments). Soil structure grades downward from
moderate, medium to fine, angular blocky to weak,
coarse to fine, subangular blocky and single grain;
soil is loose to weakly friable. Grains and peds have
thin clay films and stage I carbonate (veinlets in
matrix and coatings on base of clasts only) in upper
part and few, very thin clay films and stage II cal-
cium carbonate (coatings on tops and bottoms of
clasts) in lower part. Lower contact is gradual and
irregular. Btk horizon is about 30 cm thick.

Bkq is reddish yellow (5YR 6/6 d), has a clay loam texture
(samples MCS-2d, MCS-2e, table 8), and is slightly
sticky and slightly plastic. Gravel content is visually
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Table 8. Particle-size data for samples from the Marryat Creck South trench.

[Sand content determined by wet sieving; silt and clay contents determined by pipette method. Iron oxides were removed with 5 percent oxalic acid heated to
boiling for 2-3 hours. Calcium carbonate was removed with 10 percent HCI, and organic matter was removed with sodium hypochlorite adjusted to a pH of
9.5. Symbols: (+), high-clay end of textural field; (-), low-clay end of textural field; n.d., not determined]

Sampling depth Grain-size class (percent) CaCO; content
Sample number (centimeters) Textural classification Sand Silt Clay (percent)
Not sampled (A, Bs)... 0-17 Sandy loam..........cc..coeeieviereeececereas n.d. nd. nd. n.d.
MCS-2a (2Bt)........... 17-30 Gravelly sandy clay loam (-).................. 68.7 10.8 20.5 14.9
MCS-2b (2Btk1)........ 3045 Gravelly sandy clay loam............cccccocuce. 64.9 114 23.8 21.0
MCS-2c (2Btk2)........ 45-60 Gravelly sandy clay loam...................... 57.9 15.6 26.5 23.1
MCS-2d (2Bkg)......... 60-75 Gravelly clay loam (=) .......ccccenecernncane 42.1 273 30.6 38.9
MCS-2e (2Bkq)......... 75-90 Gravelly clay loam...........cccccovreerennenene 43.7 29.6 26.7 42.8
MCS-2f (3Bkm)......... 90-105 Very gravelly sandy loam (+)................. 68.4 152 16.4 21.9

estimated to be 60 percent of volume (pebble to small
cobble size; 80 percent subangular fragments of cal-
crete and 20 percent angular lithic fragments). Soil
structure is both massive (calcrete) and moderate,
tabular (silcrete) to single grain in lower part. Clasts
have stage II (coatings on tops and bottoms of clasts)
to stage III (weakly cemented matrix) calcium car-
bonate morphology. Lower contact is sharp and irreg-
ular. Bkq horizon is about 30 cm thick.

Fluvial gravel (unit fg). Quaternary poorly sorted, weakly

stratified, subangular to subrounded, clast-supported
gravelly sand. Clasts consist of carbonate-rich rock,
weathered diabase(?), and grussified granite. Gravel
fills channel cut in Proterozoic bedrock (units ra and
rf) that is about 50 cm deeper on north wall of trench.
Fluvial gravel varies in thickness from 0 cm (outside
of channel) to about 75 cm on south wall of trench
and from 75 to 125 cm on north wall of trench.
Where unit is thin (as at sampling locality), it con-
tains white (5YR 8/1 d) to reddish-yellow (5YR 6/8 d)
Bkm horizon (basal calcareous part of soil, samples
MCS-2d, MCS-2e, table 8). Where the unit is thick,
the soil extends deeper as a less concentrated and
uncemented calcareous Bk horizon. Bkm horizon is
about 30 cm thick, has single-grain structure and
stage III calcium carbonate morphology, and is
weakly cemented to moderately cemented.

Sheared rock (unit rs). Consists of altered Proterozoic

greenstone (unit ra) that has been sheared by brittle
deformation. Largest intact blocks of rock in the
shear zone are 1-2 cm in diameter. Gross fabric of
the sheared rock is parallel to the faults in the Mar-
ryat Creek South trench. Mapped as a separate unit
between the two fault planes that were activated in
the 1986 earthquake.

Altered rock (unit ra). Proterozoic greenstone, lacks origi-

nal fabric, is extensively altered and sheared into a
light-greenish-gray clay, and contains abundant
quartz veins. Upper 20~25 cm of altered rock is oxi-
dized. Also contains irregular-shaped masses and
veins of microcrystalline calcium carbonate. Carbon-

ate veins are concentrated near the top of the unit and
are aligned along near-vertical fractures, which indi-
cate that carbonate was translocated from carbonate-
rich clasts in overlying surficial deposits. Quartz
veins are aligned with west-dipping shear fabric that
parallels the modern fault zone (pl. 14) and is clearly
a pre-1986 feature. Below the upper 20-25 cm, the
prominent oxidation is mainly confined to old shears
that are occupied by roots. Thin zones of gougelike
material are present along shears within unit ra or
between units ra and rf. This material commonly con-
sists of oxidized, red (2.5YR 4/8 d) to yellowish-red
(5YR 5/8 d), fine-grained sand (sandy loam to sandy
clay loam texture) that contains less than 5 percent
lithic (greenstone) fragments. The similarity in color
and texture of the gouge and the Bt horizon above
suggest that the material in the shear zones may be
soil that filled ancient channels and tubes that were
formed by tree and shrub roots. If so, then the filling
is substantially younger than the shear zone it occu-
pies. Thickness of the altered greenstone is unknown,
base is covered.

Rock (unit rf). Proterozoic greenstone, fractured and bro-

ken into roughly equidimensional blocks that are
commonly 10-15 cm on a side, except adjacent to
major faults or shear zones where they are typically
2-3 cm on a side. Freshest greenstone contains
wispy lenses and seams of quartz (0.1 mm wide) that
are common along northwest-striking (310°) planes
that dip 25° S., subparallel to the modern fault zone.

MARRYAT CREEK WEST TRENCH

Eolian sand (unit es). Quaternary well-sorted, nonstrati-

fied, fine- to coarse-grained, subangular to sub-
rounded sand that contains the generally
noncalcareous upper part of a soil that extends down
to the top of Proterozoic bedrock (units rga, rgf, and
rgs). About 10 percent of the land surface is vege-
tated by small shrubs, tuffs of grass, and sparse trees



GEOLOGICAL INVESTIGATIONS OF 1986 MARRYAT CREEK EARTHQUAKE B29

(1 percent of the land surface). Where described, the
soil in unit s has a 2-cm-thick A horizon and a 12-
cm-thick Bt horizon. The A horizon is a reddish-
brown (mottled SYR 4/2 to SYR 5/6 d) loamy sand
that has weak platey structure and a sharp smooth
lower boundary. The Bt horizon (2-14 cm depth) is
a reddish-yellow (5YR 5.5/6 d; S5YR 4/6 m) sandy
JIoam (+) (as estimated in the field) and contains less
than 5 percent gravel (subangular 1-2-cm fragments
of calcrete derived from underlying deposit). The
<2-mm fraction is slightly sticky and very slightly
plastic, has moderate, coarse subangular blocky
structure that breaks to weak, fine subangular blocky
structure, and is loose to weakly friable. Sand grains
and root tubes commonly have thin clay films, but
peds do not. Lower contact is diffuse and smooth.
Unit is commonly 10-20 cm thick. For comparison,
the young eolian sand that is derived from nearby
stream beds has sand (+) texture and is red (2.5YR
4/8 d).

Young fluvial(?) gravel (unit fgy). Quaternary poorly sorted
and weakly stratified, fine- to coarse-grained, subangu-
lar to subrounded very gravelly sand that contains a
Bsk horizon. Bsk horizon (14-33 cm depth) is a brown
(7.5YR 4.5/6 m) to strong brown (7.5YR 5/6 d) sandy
loam (as estimated in the field) and contains 60-70
percent gravel (subangular 2-3-cm-diameter fragments
of granite and calcrete). The <2-mm fraction is slightly
sticky and very slightly plastic, has moderate, coarse
subangular blocky structure that breaks to weak, fine
subangular blocky structure, and is loose to weakly
friable. No clay films are apparent on sand grains or
peds. Carbonate has stage I-II morphology and forms
<2-mm-thick coats on clasts of weathered granite.
Lower contact is sharp, but irregular. Thickness is
commonly 15 cm but ranges from 5 to 30 cm.

Sheared granitic rock (unit rgs). Proterozoic granite hav-
ing partly recognizable granitic fabric and mineral-
ogy. Quartz grains are generally recognizable, but
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feldspar and ferromagnesian minerals are completely
altered to light-greenish-gray clay. Most of rock dis-
plays shear fabric and patterns of alternating orange
and gray brown. In most intensely sheared parts, rec-
ognizable blocks of unit rgs are angular to sub-
rounded and commonly 2-5 cm in size (10 cm
maximum). Unit is mainly along modern fault plane
or along shear planes to the north in trench.

Pervasively altered granitic rock (unit rga). Proterozoic

granite having no vestiges of original fabric or miner-
alogy; extensively altered and sheared into light-
greenish-gray clay. Granitic protolith inferred from its
gradation to fresher granite (unit rgf) and from inclu-
sion of about 5 percent of sheared granitic rock (unit
rgs). Masses of unit rga define ancient shear zones
in which the combination of shearing and near-sur-
face weathering have effectively destroyed the origi-
nal fabric and mineralogy of the rock. Oxidation in
the altered granitic rock produces a mottled orange
and gray-brown appearance. Most of unit displays
shear fabric and patterns of coloration that are
roughly parallel to modern fault planes (shallow
south dipping). Blocks of rock are very soft and can
be broken by hand. Unit is mainly along major shear
planes and within the footwall block of the fault.

Fractured granitic rock (unit rgf). Proterozoic granite hav-

ing recognizable fabric and mineralogy. Quartz is
fresh, but feldspar and ferromagnesian minerals are
partially altered. Rock is soft and is easily broken
with a hammer. Commonly contains small microfrac-
tures filled with clay. About 25 percent of rock has
fractures and joints that are filled by 1-3-cm-thick
veins of secondary silica. As a whole, the unit is
intensely fractured and jointed to form orthogonal
blocks having maximum dimensions of 10-20 cm,
and blocks of this rock are commonly bounded by
major shear or fault zones that contain altered or
sheared rock (unit rga or rgs). Exposure of unit is
restricted to footwall of fault in trench.
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