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Short Notes
Post-Mazama (7 KA) Faulting Beneath Upper Klamath Lake, Oregon

by Steven M. Colman, Joseph G. Rosenbaum, Richard L. Reynolds,
and Andrei M. Sarna-Wojcicki

Abstract High-resolution seismic-reflection profiles (3.5 kHz) show that a dis-
tinctive, widespread reflection occursin the sediments beneath Upper Klamath Lake,
Oregon. Coring reveals that this reflection is formed by Mazamatephra (MT), about
7 kain age. The MT horizon is faulted in many places and locally displaced by as
much as 3.1 m. Differential displacement of multiple horizons indicates recurrent
fault movement, perhaps three episodes since deposition of the Mazama. The pattern
of faulting indicates northeast—southwest extension beneath the lake basin.

I ntroduction

In the evening of September 20, 1993, two earthquakes
occurred about 20 km northwest of Klamath Falls, Oregon,
and just west of Upper Klamath Lake. The two earthquakes,
both with sizes of M,, 6.0, were separated by a few hours
and resulted in widespread damage and two deaths (Sherrod,
1993). Ground cracking and landslides were reported, but
no surface-fault displacement related to the earthquakes was
observed (Wiley et al., 1993). No late Holocene fault scarps
have been described in the Klamath Lakes Valley. Historical
seismicity in the areais low (Hawkins et al., 1989; Wiley et
al., 1993).

Klamath Falls and Upper Klamath Lake lie within the
westernmost basin of the Basin and Range Province, im-
mediately east of Crater Lake and the Cascade Range. The
basin is marked by numerous young fault scarps, some of
which displace late Pleistocene deposits (Hawkins et al.,
1989) or are fresh enough to suggest that they have been
active within the last 10 ka (Sherrod, 1993). On the west
side of the Klamath Lake Valley, two fault zones, the Lake
of the Woods fault zone and the West Klamath Lake fault
zone (Fig. 1), appear to form an en-echelon western margin
of the Klamath graben. Each zone consists of a complicated
pattern of individual strands, which on a broad scale have a
northerly trend. However, in the vicinity of Upper Klamath
Lake, the faults have a more northwesterly trend (Wiley et
al., 1993; Bacon et al., 1999). The Klamath graben is
thought to extend into the Cascade Range, whereitsnorthern
end is marked by Mount Mazama and the Crater Lake cal-
dera (Bacon et al., 1999).

The 1993 earthquakes (Fig. 1) have focal mechanisms
indicative of steeply northeast-dipping normal displacement
and are thought to have occurred on the Lake of the Woods
fault zone (Braunmiller et al., 1995; Dreger et al., 1995).
The West Klamath Lake fault zone shows evidence of late
Pleistocene to early Holocene faulting at the mouths of can-
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yons on the west side of the Klamath Lake valley, but the
surfaces of late Holocene deposits in the valley proper are
not displaced (Hawkins et al., 1989). The bend in the re-
gional structural grain reflected in the northwesterly trend of
the faults in the Upper Klamath Lake area may have con-
tributed to the size and doublet nature of the 1993 earth-
quakes (Braunmiller et al., 1995).

In the course of studies aimed at obtaining pal eoclimate
records from Upper Klamath Lake, we surveyed the lake
with high-resolution seismic-reflection equipment. The re-
sulting data showed that sediments beneath the lake were
displaced by faulting (Fig. 2). In this article, we discuss the
pattern and age of that faulting.

Seismic-Reflection Data and Stratigraphic Age

We collected about 250 km of high-resolution seismic-
reflection data from Upper Klamath Lake, Oregon, along
tracklines shown in Figure 1. The data were collected using
aside-mounted array of four 3.5 kHz transducers, two send-
ing the signal and two receiving the returns. The data were
located with military-grade GPS. Details of the data-collec-
tion methods are given in Nichols and Colman (1996).

In many areas of the lake (dashed linesin Fig. 1), avery
strong, sharp reflection from the lake floor, along with its
multiple-path echoes, were the only reflections received
(right edge of Fig. 3a). Lack of penetration of the lake sed-
iments was surprising because they consist of soft diato-
maceous ooze. The seismic signature of this strong lake-
floor reflection is not like that associated with biogenic gas
in sediments, which is typically more diffuse and not strictly
coincident with thelakefloor. However, the blue-green algae
Oscillatoria princeps, which grows as a mat on the lake
floor, has been observed to collect gas, in some cases enough
to raise sections of the lake floor 30 cm across to the surface
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Figure 1. Map of Upper Klamath Lake area showing the lake and nearby tectonic
features. Faults (ball on downtown side) and epicenters of 1993 earthquakes (open
circles) are from Keefer and Shuster (1993) as modified from Wiley et al. (1993).
Seismic-reflection tracklines in the lake are solid where significant penetration into
sediments was achieved, dashed otherwise. 3A with arrow indicates the location of

profile A in Figure 3.

(Sanville et al., 1974). Even aminor collection of gasin a
lake-floor algal mat would create alarge acoustic impedance
contrast, and we infer that this is the reason for the strong
lake-floor reflection. Differences in the distribution of the
strong lake-floor reflection during two phases of our data
collection (July and September, 1996) are also consistent
with this mechanism.

Where the acoustic signals penetrated the sediments be-
neath Upper Klamath Lake, the lake-floor reflection was
nearly imperceptible (left side of Fig. 3a), consistent with
the watery, diatomaceous nature of the sediments. In most
cases, the first discernable reflection was a very strong, dis-
tinctive reflection that occurred at |east several meters below
the lake floor. In some cases, faint reflections occurred
higher in the section. A variety of reflections occur below

thefirst prominent one, in most cases subparallel but in some
cases truncated at an angular unconformity.

A 9-m core was obtained on line 17 (Fig. 3a) using a
modified Livingstone corer (Wright, 1967). At this site, the
water depth was 2.7 m, and the distinctive, strong, first re-
flection occurred at about 10.0 m below the lake surface (Fig.
3a). At a depth of 6.9 m in the core (9.6 m below the lake
surface), we encountered a 3-cm-thick bed of ash and pum-
ice clasts. On the basis of the chemica composition of the
glassin this tephra unit (Table 1) determined by microprobe
analysis (Sarna-Wojcicki et al., 1991), the unit is the Ma
zama tephra, which has an 2“C age of about 6.85 ka (Bacon,
1983) or a more recent estimate of 6.73 = 0.04 ka (Hallet
etal., 1997). Thelatter translatesto 7540 calendar yearsB.P.
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Figure 2. Map of the central and southern basins
of Upper Klamath Lake, showing seismic reflection
lines in which sublakefloor reflections were seen
(light dashed lines), the location of profiles B-D in
Figure 3 (solid lines), and faults observed in the seis-
mic reflection data (hatchured lines, ticks on down-
dropped side).

(20 range 7470-7620), using the CALIB 3.0.3c program
(Stuiver and Reimer, 1993)

Neotectonic Implications

The Mazama tephra horizon can be traced throughout
much of the lake, and in many places, it is displaced by
faulting (Fig. 3b-3d). The large number of faults and the
shallow penetration of the seismic data make it difficult to
determine how individual fault tracesrelate to primary faults
at depth or mapped faults on shore. However, it is clear that
the faults are oriented northwest, subparallel to nearby faults
on shore (Figs. 1-2). Two well-defined, northwest-trending,
graben structures occur, one in the south basin of the lake
and onein the central basin (Fig. 2). These grabens are char-
acterized by steep, symmetrically arrayed, normal faultsthat
face the graben axes (Fig. 3b). This pattern is consistent with
dominantly extensional stresses and with mostly normal
movement indicated by earthquake foca mechanisms
(Braunmiller et al., 1995).

The Mazamatephra horizon is displaced 1-2 m on most
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of the faults observed; the maximum displacement seen on
a single fault is about 3.1 m. In Figure 3c, the horizon is
displaced 3.0 and 0.6 m on two closely spaced fault traces.
In most cases, the data do not provide evidence for more
than one episode of faulting, but some of the faults show
decreasing throw upward, indicating recurrent movement.
The clearest example is a fault in the central basin of the
lake (Fig. 3d; thisfault also crossesline29in Fig. 3b). Three
horizons in Figure 3d, the oldest of which is the Mazama
tephra horizon, are displaced by 1.9, 1.7, and 1.1 m, which
suggests at least three episodes of displacement since dep-
osition of the Mazama tephra. These displacementstakeinto
account warping immediately adjacent to the fault, but they
may be affected by broader-scale warping. They do not take
into account earthquake-induced differential compaction.
The similarity in the patterns of faulting observed on differ-
ent seismic lines suggests that differential compaction has
been minor.

These dataimply greater density of faults than has been
documented on the flat floor of the basin surrounding the
lake, which isunderlain by late Holocene fluvial, marsh, and
lacustrine sediments. None of the faults beneath the lake are
expressed on the lake floor; they are observableonly in high-
resol ution seismic-reflection profiles, which are easier to col-
lect in the lake than on land. No fault scarps cut the surface
of late Holocene deposits either on the valley floor or be-
neath the lake, and none were produced in the 1993 earth-
quake (Wiley et al., 1993). The seismic-reflection data also
indicate for the first time that multiple episodes of faulting
have occurred since about 7 ka and that the recurrence in-
terval of major earthquakes in the area may be aslittle asa
few thousand years. The maximum displacement of about 3
m since 7 ka documented here (Fig. 3c) yields a dlip rate of
0.43 mm/yr. Thisestimateis qualified by uncertaintiesin the
displacement measurements, which were discussed previ-
oudly. In addition, the time interval is subject to interpreta-
tion. We have not considered the time interval during which
stress accumulated before the first post-7 ka event; on the
other hand, the time interval during which the movement
actually took place may be less than 7,000 years.

Thelonger-term average dlip rate on faults bounding the
Klamath graben has been estimated in two ways. Displace-
ments of dated lava flows on faults near Crater Lakeindicate
a long-term rate of 0.3 mm/yr over the last 300 ka (Bacon
et al., 1999). An intermediate-term (130 ka) rate of displace-
ment on the West Klamath Lake fault zone, based on scarps
in late Pleistocene and early Holocene deposits was esti-
mated to be 0.17 mm/yr (Hawkins et al., 1989). Considering
the fact that dlip rates may vary considerably over shorter
time intervals (cf. Wells and Coppersmith, 1994), our esti-
mate of 0.43 mm is remarkably close to the long-term av-
erage of 0.3 mm/yr (Bacon et al. 1999). It is also consider-
ably larger than that implied by 1-2 m fault scarpsin early
Holocene aluvium in tributaries to the Klamath Lake valley
(Hawkins et al., 1989) and by the absence of fault scarpson
the late Holocene floor of the valley.
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Figure 3.  Seismic-reflection profiles (3.5 kHz) from Upper Klamath Lake. Locations shown in Figure 1 and 2. Dashed line near the
top of each profile indicates lake floor. (a) Profile through core site, showing the position of the Mazama tephra (MT) in the core,
exactly corresponding to a distinctive reflection. (b) Profile through central basin of the lake, approximately perpendicular to strike,
showing numerous offsets of the Mazama tephra horizon (MT), symmetrically arrayed around a central graben. Heavy arrow indicates
the fault shown in Fig. 3d on a different seismic line. (c) Profile showing near-maximum observed displacement (3.0) and smaller
displacement (0.6 m) of the Mazama tephra (MT). M indicates multiple reflection. (d) Profile showing progressive offset of individual
horizons, indicating recurrent fault movement. Displacements A-A’ (Mazama tephra, MT), 1.9 m; B-B’, 1.7 m; and C-C’, 1.1 m.
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Table 1

Results of Electron-Microprobe Analysis of Mazama Ash Bed Sample from Klamath Lake and Average Composition
of Mazama Ash Bed.*

Sample SO, Al,O; Fe,05 MgO MnO Cao TiO, Na,0 K0 Totalt
KL-D86 73.32 14.37 2.05 0.45 0.04 154 0.43 5.02 2.76 99.98
+¢ (13 shards) 1.30 0.29 0.10 0.03 0.02 0.09 0.05 0.20 0.07
Mazama Ash 72.79 14.65 212 0.46 0.05 161 0.42 5.19 2.71 100.00
+¢ (100 samples.) 0.35 0.23 0.04 0.02 0.01 0.06 0.02 0.18 0.08

*Charles Meyer, USGS, Menlo Park, CA, analyst.
tTotal recalculated to 100 percent, fluid-free basis.

Conclusions

Degpite interest in seismotectonic hazards (Hawkins et
al., 1989; Bacon et al., 1999) and the two M,, 6.0 earth-
guakes that occurred near Klamath Falls in 1993 (Wiley et
al., 1993), no faulting of deposits younger than 7 kahas been
previously documented in the Upper Klamath Lake area. In
contrast, new high-resolution seismic-reflection data from
Upper Klamath Lake show clear evidence of 3 m or more
of post-7 ka faulting in this western-most basin of the Basin
and Range Province. The data suggest recurrent displace-
ment of the Mazama tephra along northwesterly trending,
graben-bounding faults beneath the lake. Although earth-
guake recurrence intervals and tectonic dlip rates have sig-
nificant uncertainties, our estimated dlip rate of 0.43 mm/yr
for the last 7 ka is quite close to the estimate of 0.3 mm/yr
for the last 300 ka (Bacon et al., 1999). Recurrenceintervals
and dlip rates appears to be significantly higher than sug-
gested by preserved fault scarps.
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