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[SI, International System of Units, .a modernized metric system of measurement..

SI UNITS AND U.S. CUSTOMARY EQUIVALENTS

‘All values have been rounded to four significant digits ex-

cept 0.01 bar, which is the exact équivalent of 1 kPa. Use of hectare (ha) as an alternative name for square hectometer (hm?) is restricted
to measurement of land or water areas. Use of liter (L) as a special name for cubic decimeter (dm3) is restricted to the measurement of

liquids and - gases;

no prefix other. than milli should be used: with liter. Metric. ton (t) as a name for megagram (Mg) should be restricted to

commercial -usage,- and no prefiXes should be used with it. Note that the style of meter? rather than square meter has been used for con-
venience in- ﬁnding units in this table Where the units.are’ spelled out in text, Survey style is to use square meter]

SI unit . U.S. customary equivalent SI unit U.S. customary equivalent
) ‘ ’ Length Volume per unit time (includes filow)—Continued
millimeter (mim) = ...0.039.37 inch (in) _ = 15.85 gallons per minute
meter (m) = 3.281 feet (ft) (gal/min)
. = 1.094 yards (yd) = 543.4 barrels per day
kilometer (km) = 0.621 4 mile (mi) (bbl/d) (petroleum,
= 0.540'0 mile, nautical (nmi) : B . 1 bbl=42 gal)
- meters per second .(m¥/s) = 35.31 feet3 per second (ft3/s)
Area = 15850 gallons per minute
N . (gal/min)
centimeterz (cm?2) - = .0.155 0 inch? (in?) —_
meter? (m?2) = 10.76 feet? (ft2) Mass
= %)(l)gg 2471 Jarast (v4) ‘
hectometer* (hm?) = 9an ;’g‘és : gram (g)- = 0.035 27 ougsepavoirdupois (0z
’ ) = 0:003 861 bectxorig)(e‘lo acres-or - kilogram (kg) 2.205 poungs)avoirdupois (b
_ avdp
kilometer? (km?) = 0.386 1 mile? (mi?) megagram (Mg) = 1.3322 tons,l short2(2 000b 1b)
Volume - = 0. ton, long (2 240 1b)
centimeters (cms) - 0.061 02 inch? (in?) Mass per unit volume (includes density)
decimeters (dms3) = 61.02 inches® (in3)
= 2.113 pints (pt) kilogram per meters = 0.062 43 pound per foot3 (1b/fts)
= 1.057 quarts (qt) (kg/m3)
= 0058 §1 %align(f(g;l)
= L 0¢ 00
meters (m?) = 35.31 feetd (its) Pressure
= 1.308 yards? (yds)
= 264.2 gallons (gal) kilopascal (kPa) 0.1450 pound-force per inch2
= 6.2 barrels (bbl) (petro- (1bf/in2)
leum, 1 bbl=42 gal) 0.009 869 atmosphere, standard
= 0.000 810 7 acre-foot (acre-ft) (atm)
hectometerd (hm?) = 810.7 acre-feet (acre-ft) = 0.01 bar \ :
kilometers (kms3) = 0.2399 mile? (mi3) = 0.296 1 inch of mercury at
N 60°F (in Hg)
Volume per unit time (includes flow)
dec(idmet/er)“ per second = 0.035 31 foot3 per second (ft3/s) Temperature
m3/s
feet3 per minute (ft3/ temp kelvin (K) [temp deg Fahrenheit (°F)4-459. 67]/1 8

2,119

min)

temp deg Celsius (°C)

[temp deg Fahrenheit (

(°F) —32})/

II

does not constitute endorsement by the U.S. Geological Survey.

Any use of trade names and trademarks in this publication is for descriptive purposes only and
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USE OF INFRARED IMAGERY IN BANK-STORAGE STUDIES

By T. H. THOMPSON, Menlo Park, Calif.

Work done in cooperation with Bonneville Power Administration

Abstract.—The use of thermal infrared imagery as a recon-
naissance tool to identify bank seepage was investigated at
Franklin D. Roosevelt Lake in northeastern Washington. The
banks of the lake are generally composed of glacial lacustrine
sediments deposited when the Cordilleran ice sheet dammed

the Columbia River at least three times during the Pleistocene.

The existence of a significant amount of bank storage was sus-
pected. An airborne scanner having a spectral coverage of 8.5
to 11 micrometres and continuous filmstrip output was used
.in two test flights of March 27 and April 24, 1973. These flights
were made during the reservoir drawdown when ground-
water flow was from the banks to the reservoir and the
ground water was warmer than the lake. The imagery shows
temperatures in the lake ranging from 5° to 13°C. The lighter
tones of the imagery show lake circulation patterns and exten-
sive areas of bank seepage, spring discharge, stream inflow.
and subsurface discharge whch are all distinguishable from the
darker tones of the colder lake surface. Bank seepage and
ground-water discharge generally are evident where uncon-
solidated glacial sediment rather than bedrock is present.

Within the last decade airborne thermal infraved
(IR) detectors have been recognized as a valuable re-
connaissance tool for hydrologic investigations. By
sensing surface-temperature differences from the air,
many hydrologic phenomena can be detected rapidly
and at less cost than by ground survey. When aerial
IR imagery is obtained in conjunction with surface-
temperature measurements, synoptic surface tempera-
tures can be determined. The technique permits recog-
nition of hydrologic features such as lake or ocean cir-
culation patterns, sea-ice dynamics, thermal plumes,
spring discharges, and areas of ground-water dis-
charge which are difficult to detect at the surface.

The use of thermal IR imagery for the detection of
ground-water discharge has been described by numer-
ous investigators including Fischer, Davis, and Sousa
(1966), Lee (1969), Hunn and Cherry (1969), Pluhow-
ski, (1972), and Wood (1972). This study was under-
taken to determine if airborne thermal IR imagery
could be used to locate areas of ground-water discharge
to Franklin D. Roosevelt Lake and to relate such areas

_to the geology of the lakeshore area. A significant

amount-of bank storage (greater than 4 percent of
usable storage) is believed to exist in the glacial sedi-
ments adjacent to the reservoir.

Franklin D. Roosevelt Lake (hereafter rcferred to
as the lake) is located in northeastern Washington (fig.
1) and was created by the construction of Grand Cou-
lee Dam, completed in 1941. It extends 233 river kilo-
metres from Grand Coulee Dam to the international
boundary. The lake has a total capacity of 1.179x10*
cubic metres (m*) and a usable storage of 6.453 X10°
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F1¢ure 1.—Index map of Columbia River valley of northeast-
ern Washington showing areas of detailed study and maxi-
mum southern extent of glacial ice during Pinedale Glacia-
tion.
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m?® between its normal operating elevations of 368 and
393 m above mean sea level.

This investigation is part of a long-term project in
the Pacific Northwest to determine the potential for
and physical characteristics of bank storage at reser-
voirs in the Federal Columbia River Power System.
Bank storage is defined by Lohman and others (1972,
p. 12) as the amount of storage change in an aquifer
resulting from a change in stage of an adjacent sur-
face-water body such as a reservoir or river. An under-
standing of the flow characteristics and total volume
of bank storage can be used to increase the efficiency
of operation of the reservoirs in this integrated power
system. Projected flow from bank storage during draw-
down can be incorporated into reservoir operation
plans. Thus, such data can (indirectly) result in in-
creased power sales from the same physical facilities.

After the existence of bank storage is identified by
thermal IR imagery and other reconnaissance tech-
niques, such as an observation-well network adjacent
to the lake, a quantitative determination of bank-
storage volumes will be made. A water-budget anal-
ysis and mathematical model will be made for the
lake as was done at Hungry Horse Reservoir in north-
western Montana (Simons and Rorabaugh, 1971;
Thompson, 1974).

Acknowledgments.—This study is part of the con-
tinuing program of hydrologic investigations in the
Columbia River basin undertaken by the U.S. Geologi-
cal Survey in cooperation with the Bonneville Power
Administration. The author wishes to acknowledge F.
A. Limpert, Head, Hydrology Section, Bonneville
Power Administration, in the development of the
bank-storage project, and W. D. Simons, U.S. Geologi-
cal Survey, Menlo Park, Calif., for coordinating the
remote-sensing activities. The author is grateful to
Arnold Boettcher, U.S. Geological Survey, Helena,
Mont., for the assistance in imagery interpretation.

PHYSIOGRAPHIC AND GEOLOGIC SETTING

The lake lies within two different physiographic sub-
divisions. The southern part of the lake, including the
Spokane River arm, is bounded on the south by the
nearly flat Columbia Plateau. The northern part of
the lake lies within the mountainous highlands in the
south-trending Columbia River valley.

From the upstream end of the lake at the interna-
tional boundary, the Columbia River flows southwest
in a broad valley between the Rossland Mountains to
the northwest and the Chewelah Mountains to the
southeast (fig. 1). The Kettle and Colville Rivers join
the Columbia River at the southern tip of the Ross-
land Mountains. From there the Columbia River flows

south between the Kettle River Range to the west and -

the Huckleberry Mountains to the east. The bedrock
of the mountain highland exposed along the 160 km
of valley walls is composed principally of limestone,
marble, quartzite, schist, gneiss, and granite of Paleo-
zoic and Mesozoic ages (Pardee, 1918; Weaver, 1920;
Mills, 1969).

The Spokane River arm of the lake begins just be-
low Little Falls Dam and extends northwestward 47
km to the confluence with the Columbia. The Columbia
turns westward a few miles below the confluence and
follows a sinuous west-northwest course to Grand
Coulee Dam 74 km downstream. The westward course
of the Spokane and Columbia Rivers is a result of a
blocking of the south-flowing rivers by a massive lava
plateau in Miocene time. Bedrock formations on the
south of the Spokane arm and Columbia River are
principally lava flows of the Columbia Plateau while
on the north they are granite rocks of the Colville
batholith (Jones and others, 1961).

About 90 percent of the 1,060 km of shoreline of
the lake is bordered by sediments of Pleistocene age
(Jones “and others, 1961, p. 5). According to Rich-
mond, Fryxell, Neff, and Weis (1965) and a summary
of their work by Anderson (1969, p. 12-15), the de-
posits exposed in the lake area indicate five separate
advances of the Cordilleran ice sheet. The Okanogan
lobe formed an ice dam across the ancestral Columbia
River at approximately the same location as Grand
Coulee Dam at least three different times (fig. 1).

The unconsolidated deposits of Pleistocene age con-
sist of locally well-sorted deltaic deposits, outwash,
flood gravel, glacial-lake silt and clay, till, and land-
slide debris. According to Jones, Embody, and Peter-
son (1961, p. 4) 25 to 50 percent of the fill in the Co-
lumbia River valley is sand and gravel in the reach
from Kettle Falls to about 30 km below Grand Coulee
Dam.

Drillers’ logs from 37 wells tapping the glacial de-
posits at various points along the shoreline of the lake
indicate large variations in sediment type, both ver-
tically and horizontally, as would be expected from
the depositional history previously described. Pub-
lished geologic data for most of the area does not
differentiate the various Pleistocene sediment types.

Hydrologic Characteristics of Geologic Units

The water-bearing characteristics of the bedrock
and sedimentary deposits adjacent to the lake are
discussed by Anderson (1969, p. 15-19). He subdivides
bedrock into three subgroups: (1) basaltic rocks, (2)
limestone, and (3) granite and miscellaneous meta-
morphic rocks. The basalt and the granite and mis-
cellaneous rocks have little water-yielding potential
except at isolated locations. North of Kettle Falls,
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F1eUure 2.—Imagery obtained March 27, 1973, of Franklin D. Roosevelt Lake, showing ground-water discharge to the reservoir.
Solid arrows, bank seepage and springs; dotted arrows, subsurface discharge; circle, observation well. A, Near Cedonia;
approximate scale, 1:40,000. B, Near Fruitland; approximate scale 1 :50,000.



4 INFRARED IMAGERY IN BANK-STORAGE STUDIES

. 0%

4000 FEET

1000 METRES

2000 4000 FEET

500 1000 METRES

Fi1eure 3.—Imagery obtained April 24, 1973, of Franklin D. Roosevelt Lake, showing ground-water discharge to the reservoir.
Solid arrows, bank seepage and springs; dotted arrows, subsurface discharge; circle, observation well. A4, Near Cedonia;
approximate scale, 1:40,000. B, Near Fruitland; approximate scale, 1:50,000. ¢, At Swawilla Basin, about 8 km upstream
from Grand Coulee Dam; approximate scale, 1:43,000.
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water may occur in the limestone which crops out in
several areas adjacent to the reservoir.

In the area bordering the lake, most of the ground
water 1s available from the unconsolidated deposits of
Pleistocene age (Anderson, 1969, p. 15). The well-
sorted deltaic deposits and glacial outwash, where free
of silt and clay, yield large volumes of water while
the glacial-lake silt and clay deposits are generally
too fine grained to yield water. The till generally has
a low permeability and the landslide debris is varia-
ble in its water-yielding capabilities.

DISCUSSION OF IMAGERY

Water vapor, carbon dioxide, and ozone in the at-
mosphere absorb most terrestrial radiation. However,
the atmosphere is nearly transparent to radiation in
the ranges 3 to 5 and 8 to 13 um (micrometres). These
ranges are commonly known as the atmospheric win-
dows. The tonal contrast recorded by IR scanners in
these radiation bands is directly related to surface-
temperature differences.

The approximate locations and extent of imagery
presented in this report are shown in figure 1. The
distortion of the lake in the imagery is a result of the
irregular flichtpath which followed the course of the
reservoir.

Equipment

The aerial thermal IR scanner used in this study is
owned and operated by the U.S. Forest Service, Boise,
Idaho. The scanner, manufactured by Texas Instru-
ments Co. (type RS-T7), is cooled by a closed-cycle
cooler aboard the aireraft and has a spectral coverage
from 3 to 4.1 ym and 8.5 to 11 um. It has a 120° total
field of view and operates at 200 scan lines per second.
The scanner has two black-body calibration sources.
The display is on a continuous rectilinearized film-
strip exposed by a high resolution cathode-ray tube,
and the film is processed in near real time aboard the
aireraft.

Flights

Two recording flights were made in 1973 during the
winter-spring reservoir drawdown. Both flights were
made during predawn hours to eliminate the effects of
solar heating and reflectance and during clondless con-
ditions to eliminate absorption of energy by clouds.
Only the 8.5- to 11-um spectral range was used dur-
ing these flights. The first flight covering approxi-
mately 80 km of the lake from Hawk Creek to a point
Fieure 3.—Continued. 10 km north of Rice, Wash., was made on March 27.
The lake elevation was 379 m.
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Fieure 4.—Sketch showing glacial deposits and bedrock and approximate extent of imagery near Cedonia, Wash.
Geology from Becraft (1966).
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The second flight was made on April 24, 1973, and
the imagery covered the entire lake to the interna-
tional boundary and the Spokane River arm to Little
Falls Dam. The lake was at an elevation of 369 m.

Flight of March 27, 1973

Parts of the imagery recorded on March 27 in the
vicinity of Cedonia and Fruitland are shown in figure
2. During the 10 days prior to the flight, the lake was
being drawn down at a rate of 0.415 m/d (metre per
day). Water was flowing from bank storage to the
lake as springs and diffuse bank seepage. The water
level in an observation well adjacent to the lake near
Fruitland (circle in fig. 2B) declined an average of
0.323 m/d for the period March 17-26, 1973.

In the imagery, light areas indicate warm surfaces,
whereas the dark areas are cold. Ground-water tem-
peratures measured in wells adjacent to the reservoir
ranged from 10° to 13°C. Lake temperatures ranged
from 5° to 12°C, while small streams tributary to the
lake averaged about 5°C. Minimum air and ground-
surface temperatures around the reservoir on March
27 averaged 2°C. Based upon the known temperatures,
the scanner was calibrated on March 27 (fig. 2) to re-
cord white for greater than 12°C to black for tem-
peratures less than 2°C. Temperatures between 12°
and 2°C range in the imagery from very light gray
to very dark gray.

Indications of ground-water discharge into the res-
ervoir are discernible on the imagery of March 1973
due to the difference in temperature between the
ground water (13°C) and the lake (5°C). The solid
arrows in figure 2 point to more intense light-toned
areas where diffuse bank seepage and large springs
discharge to the lake. A stream flowing to the lake
can be seen in the lower left corner of figure 2B. The
less intense light plumes fanning out from shore (dot-
ted arrows) are likely to be the result of subsurface
discharge of ‘ground water due to the higher hydraulic
head onshore. The water level in the observation well
(fig. 2) on March 27 was 2.15 m higher than the lake
level. However, the temperatures recorded in the im-
agery are for the top few millimetres of surface, and

positive identification of subsurface flow is not pos-
sible. '

Lake circulation patterns that generally trend down-
stream can also be seen in the imagery. The circula-
tion is due to the lake being drawn down, to wind, and
to flow to the lake. The net change in the content of
the lake during drawdown was —1,250 m?/s (cubic
metres per second) on March 27.

Flight of April 24, 1973

Parts of the imagery recorded on April 24 near Ce-
donia, near Fruitland, and 8 km upstream from Grand
Coulee Dam are shown in figure 3. The areas shown
in figure 34 and B near Cedonia and Fruitland are
approximately the same as those shown in figure 24
and B. The lake was being drawn down at the average
rate of 0.250 m/d for the 10 days prior to the April
24 flight, and water continued to flow from bank stor-
age to the lake.

River temperatures at the international boundary
gaging station, Columbia River at Northport, during
the week prior to the April 24 flight ranged from 7°
to 7.5°C. The temperature of the Spokane River at
Long Lake, which flows to the lake, ranged from 6°

- to 10.5°C during the same period. No lake or ground-

water temperatures were obtained prior to the April
24 flight.

Since little change in ground-water temperature is
likely to occur in 28 days, it was assumed that tem-
peratures remained at about 10° to 12°C. Minimum
air and surface temperatures around the reservoir
averaged 1°C on April 24. In the imagery the white
areas are equal to or greater than 10°C, where ground
water is discharging at or above the lake surface. The
black surfaces on shore are 2°C or less. The gray sur-
faces on the lake range from 6° to 10°C.

In figure 3, the solid arrows point to the light-toned
areas where bank seepage and springs flow to the lake.
The water level in the observation well (fig. 3B) was
4.58 m higher than the lake level on April 24 and was
declining at an average rate of 0.210 m/d. Plumes of
subsurface discharge (dotted arrows) are also visible,
particularly in figure 3C at the mouth of Niles Canyon.
Here the subsurface flow is probably larger due to the
higher permeability of the outwash gravels in the -
canyon and deltaic deposits at the canyon mouth.

The bank seepage in the April 24 imagery appears
less intense and less extensive than in that of March
27 when A and B of figure 3 are compared with 4 and
B of figure 2. This difference could be due to a higher
rate of dewatering of the banks in March when the
lake drawdown rate was 0.415 m/d compared with the .
rate in April that averaged 0.250 m/d. Also, the bank
seepage may appear less intense because of less con-
trast between ground-water and lake temperatures.

Indications of bank seepage on some parts of the film-
strip are obscured by light streaks on the film caused
by electronic noise in the recording system. By use of
simultaneous magnetic-tape recording of the sensor
signal and later computer processing of the tape, the
streaks could possibly be eliminated while the contrasts
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of the imagery patterns would be increased (A. J.
Boettcher, written commun., 1972).

RELATIONSHIP BETWEEN SEEPAGE AND GEOLOGY

Maps showing the approximate extent of bedrock
and glacial lake deposits based upon the geology by
Becraft (1966), Campbell and Raup (1964), and Par-
dee (1918) near Cedonia, near Fruitland, and 8 km
upstream from Grand Coulee Dam are shown in figures
4, 5, and 6, respectively. The bedrock units are not
differentiated. The approximate extent of the cor-
responding imagery is also shown on the maps. When
the maps are compared with the imagery, areas of ex-
tensive glacial lake deposits are seen to be areas where
bank seepage is generally prevalent. Conversely, there
is little indication of bank seepage in areas where the
bedrock is exposed along the lake’s shoreline. Discharge
varies greatly in the areas of glacial deposits, prob-
ably due to the variable nature of the sediments. Since
the glacial deposits are undifferentiated in the geologic
maps, further study is needed to verify this supposi-
tion.
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SUMMARY AND CONCLUSIONS

The thermal imagery recorded in March and April
1974 shows water temperature differences that range
from 5° to 12°C in Franklin D. Roosevelt Lake. Lake
circulation patterns and areas of bank seepage, spring
discharge, stream inflow, and subsurface discharge are
all discernible as tonal contrasts in the imagery. The
areas of bank seepage and subsurface ground-water
discharge generally occur in areas where glacial sedi-
ments rather than bedrock are present.

Aerial thermal IR imagery can be used as a relative-
ly inexpensive reconnaissance technique to determine
areas for further investigations of bank-storage poten-
tial. The flights must be made when the reservoir is
being drawn down and when there is a detectable dif-
ference between ground-water and lake temperatures.

Aerial thermal TR imagery is particularly useful
as a reconnaissance tool in the Pacific Northwest be-
cause periods of reservoir drawdown and maximum
bank seepage occur during late winter and early spring.

118°15’

O Fruitland

F1GURE 5.—Sketch showing glacial deposits and bedrock and approximate extent of imagery near Fruitland, Wash. Geology
from Campbell and Raup (1964).
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F1cure 6.—Sketch showing glacial deposits and bedrock and approximate extent of imagery of the Swawilla Basin.
No geologic data available for south side of lake. Geology for north side modified from Pardee (1918).
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During this period, the temperature difference between
surface water and ground water is at a maximum.
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TRANSVERSE MIXING IN THE MOBILE RIVER, ALABAMA

By WILLIAM MEYER, Indianapolis, Ind.

Abstract.—Transverse dispersion in the Mobile River was
measured by (1) ground-based techniques using water samples
and a fluorometer and (2) by aerial photography. Magnitude
of the transverse mixing coefficient obtained by the two meth-
ods was 6.2 feet squared per second (0.58 metre squared per
second) and 5.0 feet squared per second (0.46 metre squared
per second), respectively. The value of the numerical coeffi-
cient k, which relates the transverse mixing coefficient E. to
shear velocity U* and average depth of flow, d, by the rela-
tionship k=E./U*d, was 7.2.

Transverse dispersion was measured in the Mobile
River in southern Alabama by ground-based techniques
described by Yotsukura, Fischer, and Sayre (1970)
and by remote-sensing techniques described by Murray,
Smith, and Sonu (1970). Although the techniques de-
scribed by Murray, Smith, and Sonu (1970) had been
used successfully in large bodies of water such as the
Gulf of Mexico, they had not been used previously in
a large stream. This study afforded the opportunity to
do so and, in addition, allowed a comparison of the
results obtained from the two techniques. This report
summarizes the two approaches used and the results
obtained from the investigation.

Acknowledgments—This investigation was a joint
effort of U.S. Geological Survey personnel from the
Alabama District and from the Remote Sensing Re-
search Project, Prescott, Ariz.

TRANSVERSE MIXING

Transverse mixing is described by the transverse
mixing coefficient £,, which defines rate of cross-chan-
nel mixing. The transverse mixing coefficient in open-

channel flows is assumed to have the form
E.=k U* d, (1)
where U* is shear velocity, d is depth of flow, and % is
a numerical constant (Yotsukura and others, 1970).
Little experimental data are available for values of %
in large, slow-moving natural streams. Yotsukura,
Fischer, and Sayre (1970) obtained a value of % that
ranged from 0.6 to 0.7 for a 6.0-mile (9.6-kilometre)
reach of the Missouri River near Blair, Nebr., and re-

ported that Glover (1964) obtained a value of % equal
to 0.72 for the Columbia River near Richland, Wash.
Secondary flow increases the effective values of & at
bends in a river. Sayre and Yeh (1973) reported that
the average £ for a 180° bend in the Missouri River
was 3.4. ‘

Description of the test reach

The part of the Mobile River tested for transverse
mixing consisted of the first 3.0 mi (4.8 km) of the
river immediately below the confluence of the Tombig-
bee and Alabama Rivers. This point is approximately
36 river miles (58 km) north of Mobile Bay. Topo-
graphic rvelief is extremely low through this section,
and much of the area is swamp. In the 3.0 mi (4.8 km)
tested, the Mobile River flows 1.0 mi (1.6 km) in an
approximately southerly direction and then bends
gently to flow almost straight in a southwesterly direc-
tion (fig. 1). Physical characteristics of the channel
are represented by data obtained at five measuring sec-
tions during the study as shown in table 1.

Flow from the Alabama River enters the Tombigbee
River at an angle of about 45° at their confluence. Dis-
charges and velocities of the two streams were virtually
identical at the time of the study. Vertical and trans-
verse temperature readings along the lower reaches of
both streams indicated that the temperature difference
between the two streams was only 0.50°C (Celsius).
The Tombigbee River, whose temperature was meas-
ured from top to bottom at quarter points across its
width, had a uniform temperature of 20.5°C. The Ala-
bama River, whose temperature also was measured
from top to bottom, was sampled at quarter points
across its width and had a uniform temperature of
20°C. On November 15, 1972, the same measured sec-
tions showed the water temperature in the Tombigbee
River to be 20°C and the temperature in the Alabama
River to be 19°C (J. R. Harkins, written commun.,
1973).

Aerial color photographs of the Alabama and the
Tombigbee Rivers obtained during the study exhibited

11
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Ficure 1.—Location of study reach. Base from U.S. Geological
Survey Tenshaw topographic quadrangle, scale 1:62,500;
1943.

TABLE 1.—Physical characteristics of measuring sections on
the Mobile River, Ala.

[#, downstream distance from continuous fixed-point dye release; U*,
shear velocity in feet per second]

1“14;’;;12' P Width Area A:;fg U*

Jring (ft) (ft) (£t2) d(efptt)h (ft/s)
1 1,750 1,230 25,200 20.0 0.064
2 6,745 1,512 22,200 15.0 .056
3 10,165 1,410 17,466 124 .051
4 13,135 1,548 24,300 16.0 .058
5 16,185 1,340 24,900 185 .062

tonal differences between the two rivers, and the com-
mon boundary between the rivers after forming the
Mobile River was clearly observable. (See fig. 2, a
black-and-white reproduction.) Turbulent eddies with
areas of as much as 100,000 ft* (9,290 m?) were created
along this boundary (fig. 2). These eddies were ob-
served from a boat on the water surface, but their ex-
tent was not realized until after the color film had been
developed. The tonal differences between the two rivers
as exhibited by color photographs taken from the air
were barely discernible to an observer on a boat.

In the study, dye was released very near the bound-
ary between the two rivers. Dispersion of the dye, as
demonstrated by aerial color photographs, seemed to be
primarily controlled by the boundary zone and the
turbulent eddies within it (fig. 2).

Test procedure
The basic procedure used to obtain field information
on the transverse mixing coefficient required a continu-

~<— Downstream Alabama River water

0 450 900 FEET
| L 1 |
F
0

I
100 200 METRES

F1c¢ure 2.—Dye movement down the Mobile River.

ous, fixed-point injection of Rhodamine-WT dye at a
given rate into the stream. Cross-channel measure-
ments of dye concentration at five downstream sections
were then obtained.

The continnous fixed-point injection was made at
approximately the center of the Mobile River, immedi-
ately downstream from the confluence of the Tombig-
bee and Alabama Rivers. A boat was anchored at this
point. A constant-head tank was mounted on the boat
with the hose from the tank extending over the boat
and ending several feet above the water level. Injection
of the dye was begun at 9:55 a.m., c.s.t., November 17,
1972, and an average flow rate of 0.136 gallon per
minute (0.01 I./s) was maintained until 12:22 p.m. The
injected dye consisted solely of Rhodamine-W'T, 20-
percent solution. Altogether, 20 gal (76 L) of the dye
solution were injected during the test.

Water samples for determination of dye concentra-
tion were collected in chronological and downstream
order at the five sampling cross sections. Sample col-
lection began at section 1 at 10:58 a.m. and ended at
section 5 at 2:52 p.m. (table 1). From 3 to 5 minutes
were required to complete sample collection at each
section. The measuring sections were established rough-
ly an equal distance apart downstream from the injec-
tion point. Actual downstream distance of each section
was later established from a photomosaic (scale
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1:4,000) constructed of the entire test reach. Section 1 TaBLE 2.—Distribution of dye concentration in transverse di-

was 1,750 ft (533 m) downstream from the point of
injection, whereas section 5 was 16,185 ft (4,933 m)
downstream from the dye-injection point. Cross-chan-
nel width at each section was measured by stadia.

The approximate center of each measuring section
was marked by an anchored float, and the channel
edges were marked with flagging. A boat was moved
slowly at a constant speed across the channel section,
and dye samples were obtained by dipping a sample
bottle below the water surface at equal time intervals
as the boat moved across the section. Concurrent with
each sampling run a sonar was operated to obtain
depth of channel and to identify the location of each
dye sample. Sonar readings were recorded on a chart
that was run at a constant speed during the traverse;
site of each sample collected at the surface was desig-
nated by a mark on the chart. This technique allowed
the location of each surface sample to be established
within an accuracy of about 5.0 ft (1.5 m). The num-
ber of samples collected in the five sections ranged
from 12 to 15. The concentration of dye in each sam-
ple was then determined by means of a fluorometer and
a calibration curve. Data for each section are presented
in table 2.

TABLE 2.—Distribution of dye concentration in transverse di-
rection, transverse miwving test on the Mobile River, Ala.,
November 17, 1972

Distance from Dye

concentration
Station lefgeggjﬂk (micrograms
per litre)

Cross section 1

[1,750 feet—distance from injection point;
measuring section])

92
170
262
350
478
565
688
808
955

1,072
1,170
1,200

Cross section 2

[6,745 feet=distance from injection point;
measuring section)

70
190
290
400
510
750
865
975

1,060
1,150
1,250
1,355
1,450

1,230 feet=width of

©O=1D TN
T S G T ¢
ORHaHOKRDODMH

= 00 O

1,512 feet—=width . of

00 s 00 OO0 it 1

€000 =X TN GO DD
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rection, transversec mizing test on the Mobile River, Ala.,
November 17, 1972—Continued

Dye

Distance from

Station left bank c("r“nfg;’(fg;}gg
(feet) per litre)

Cross section 3

[10,165 feet=distance from injection point;
measuring section]

1,410 feet=width of

55
152
245
342
580
682
772
880
990

1,102
1,202
1,308

Cross section 4

[13,135 feet—=distance from injection point;
measuring section]

e
NHOWWO=TIN U ix W
H s R R N0 00 0 M

WO o= bW o0 I =1t

1,548 feet—width of

1 50 1.6
2 146 2.5
3 281 1.6
4 350 2.0
5 472 1.9
6 572 2.3
7 674 2.0
8 784 24
9 890 44
10 992 4.0
11 1,092 2.6
12 1,200 14
13 1,305 14
14 1,408 13
15 1,498 1.0

Cross section 5

[16,185 feet—adistance from injection point;
measuring section])

1,340 feet—=width of

1 70 18
2 170 13
3 278 2.3
4 355 19
5 452 2.4
6 545 3.0
7 644 35
8 740 3.8
9 839 42
10 935 4.9
11 1,025 39
12 1,118 6.0
13 1,210 1.7
14 1,286 8

Several temporary staff gages were installed at the
edge of the Mobile River to determine the slope of the
water surface during a time-of-travel study on Novem-
ber 14, 1972. The decrease in water surface was meas-
ured for the first 4.4 mi (7.1 km) of the river. Values
computed for water-surface slope were used to compute
an energy slope for the transverse mixing test; this
value, 0.000006, was assumed to be constant throughout

-the test reach. Velocity was measured along a measur-

ing section (fig. 1) of“the Mobile River 20,800 ft

- (6,340 'm) downstream.from the point of the dye re-
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lease. Measurements were begun at 10:50 a.m. on No-
vember 14, 1972, and were continued until 5:15 p.m.
Average velocity for the section during the measuring
period was 0.98 ft/s (0.3 m/s). This value was used
for the transverse mixing study on November 17, 1972.

In addition to the ground-based information, low-
level, large-scale (1 in=333 ft and 1 in=166 ft or
254 mm=102 m and 254 mm=>51 m), aerial color
photographs of the dye-colored water were obtained at
short time intervals during the study.

CALCULATION OF THE TRANSVERSE MIXING
COEFFICIENT

Method of moments
The relationship
' U doi
E,=— — 2
9 de 2)
may be used to provide a useful first approximation to
the transverse mixing coeflicient for dispersion of a
tracer from a continuous point source. U is the mean
flow velocity, o2 is the variance of the transverse dis-
tribution of the tracer, and « is the distance down-
stream from the point of injection of the tracer.

Assumptions involved in the derivation of equation
2 are that (1) flow is occurring in an infinitely wide,
open channel with uniform depth and (2) flow velocity
is uniform throughout the channel width. Because such
conditions did not exist in the Mobile River, the equa-
tion can be used only to provide an approximation of
E. A more valid method of analysis would require
computer simulation of field data (Yotsukura and
others, 1970).

Determination of variance of the transverse distribu-
tion of dye involved constructing a graph of concen-
tration, ¢, versus cross-channel distance, z, for each
section from the data in table 2 and calculating vari-
ance from the relationship

. —_ )2
oie E[le (Zi Z) ] (3)
s =0,
for C; equal to the concentration at the point z;, Fur-
ther, z;;,—2; is chosen equal to a constant. The factor
2 is obtained from the relationship
2=
i
Plottings of ¢ versus distance are shown in figure 3.

The first two points in figure 3 indicate a nearly linear
increase In o with distance, and the slope of the line

of best fit yields a value for the transverse mixing co-
efficient equal to 6.2 ft2/s (0.58 m2/s) for this reach.

§=

The value of % obtained from equation 1 and data in
table 1 is 7.2. This value of % is one order of magnitude
larger than that previously reported for large streams.
Unfortunately, a substantial amount of dye had
reached both sides of the river at cross sections 3, 4,
and 5, so that reliable calculation of ¢* was impossible
for these sections.

Nobuhiro Yotsukura (written commun., 1973) has
suggested several possibilities that either singly or in
some combination could produce a large degree of mix-
ing, including: (1) A jet effect produced by velocity
difference of the two rivers, (2) a lateral density dif-
ference between the two rivers, (3) a small average
velocity combined with some stratification, or (4)
transverse convections due to the bend. Of these possi-
bilities, item 4 seems most likely. In addition, as sug-
gested by J. R. Harkins (written commun., 1973), the
angle at which flow from the Alabama River entered
the Tombigbee River would certainly cause a jet effect
(item 1). Ttem 3 is also a possibility. All these possi-
bilities would increase the mixing action in the bend
immediately downstream in a southwesterly direction
and should enhance the mixing of the water from the
two streams. Because of the temperature difference of
only 0.5°C between the two rivers, the large degree of
mixing observed probably did not result from item 2.

Analysis of aerial photographs

Variance of the transverse distribution of dye can be
approximated from an aerial photograph by two meth-
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FIcURE 3.—Transverse variance of dye distribution versus
downstream distance from the injection point. Transverse
variance was determined from water sample taken from the
water surface by boat.
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ods. The first method consists of correlating levels of
dye concentration, as recorded by surface sampling
(Ichiye and Plutchak, 1966). This method requires
that the film record a uniform density level for the host
water or that differences in this level be accountable.
The second method consists of setting the half width
of the dye spread in the lateral direction equal to the
standard deviation o, as suggested by Murray, Smith,
and Sonu (1970). For such purposes, the outer bound-
ary of the dye, as determined visually from a photo-
graph, is assumed to represent a line of equal dye con-
centration detectable to the eye. These methods have
been used in determining mixing coefficients in estu-
aries and oceans.

The author attempted a densitometric analysis of the
dye spread shown on colored aerial photographs. The
photographs indicated that movement of the dye was
confined primarily to the turbulent eddy zone created
by the mixing of the Tombigbee and Alabama Rivers
and that density level of the water alone in this zone
changed rapidly in an unaccountable manner; thus,
fluctuations in the density of the dye were masked by
fluctuation in the density level of the host water. The
dye spread probably could have been analyzed by color
separation of the photographs followed by densito-
metric analysis, but this technique was considered to
be beyond the means of the study.

Figure 4 shows the results of visually examining the
aerial photographs obtained at different times over the
dye plume. As suggested by Murray, Smith, and Sonu
(1970), halfwidth of the dye spread was measured at
various distances downstream from the point of re-
lease, and the squared values were plotted against their

‘respective distances. Three different time periods were
examined by photography: 10:40 a.m., or 45 minutes
after beginning of injection; 11:36 a.m., or 1 hour and
41 minutes after injection; and finally, 12:15 p.m., or
2 hours and 20 minutes after injection. Figure 4 shows
an increasing vate of dye dispersion in about the first
1,000 ft (305 m) of travel; beyond 1,000 ft (305 m)
the dispersion rate tends to increase linearly. The slope
of the line of best fit through the linear part of the data
yields a transverse mixing coefficient of 5.0 ft?/s (0.46
m?/s) for this section of the study reach.

SUMMARY AND CONCLUSIONS

As approximated by the method of moments, a value
of the transverse mixing coefficient equal to 6.2 ft*/s
(0.58 m?/s) was obtained for a 1.0-mi (1.6-km) section
of the Mobile River immediately downstream from the
confluence of the Tombigbee and Alabama Rivers.
Visual examination of the dye spread as recorded by
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Ficure 4.—Transverse variance of dye distribution versus
downstream distance from the injection point. Transverse
variance was determined visually from aerial photographs
at 10:40 a.m., 11:36 a.m., and 12:15 p.m., c.s.t.

colored aerial photographs yielded a transverse mixing
coefficient of 5.0 ft?/s (0.46 m?/s) for the first 2,100 ft
(640 m) of the study reach.

The numerical coefficient & described by the rela-
tionship k=FE./U*d was 7.2 for the 3.0-mi (4.8-km)
study reach. This value represents an increase of nearly
one order of magnitude over that previously reported
for large natural streams. Transverse convections due
to the bend just below the confluence of the Alabama
and the Tombigbee Rivers and the jetlike mixing: of
the two waters caused by the angle at which flow from
the Alabama River entered the Tombigbee probably
combined to increase the value of k.

This study is the first in which remote-sensing tech-
niques were used in addition to standard ground-based
techniques to obtain an approximation of the trans-
verse mixing coefficient of a large stream. The numeri-
cal values for the coeflicient obtained by the two meth-
ods were very close, although the standard technique
allowed a much larger section of the river to be studied
than that allowed by remote sensing. ’
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DATING AND RECURRENCE FREQUENCY OF PREHISTORIC MUDFLOWS
NEAR BIG SUR, MONTEREY COUNTY, CALIFORNIA

By LIONEL E. JACKSON, Jr., Menlo Park, Calif.

Abstract.—Botanical evidence based on the dendrochronology
and root horizons of redwoods (Sequoia sempervirens) and
radiocarbon dating were used to date prehistoric mudflows
near Big Sur, Calif. At least three periods of mudfiow activity
were delineated for the approximate prehistoric period 1370-
1800. Two historic periods of mudfiow activity have occurred,
1908-10 and 1972-73. The documentation of mudflows as char-
acteristic surficial processes in the Santa Lucia Range indi-
cates a hazard to development on recent mudflow deposits in
this region.

From mid-October 1972 through mid-February
1973, mudflows from the rugged Santa Lucia Range
repeatedly invaded the community of Big Sur, Calif.
(figs. 1, 2). The flows were generated by intense winter
rains falling on the steep slopes of the Santa Lucias
which had been denuded by the Molera fire in August
1972. Damage from mudflows and floodwater was pre-
dominantly confined to areas marginal to the lower
courses of Pheneger, Juan Higuera, and Pfeiffer-Red-
wood Creeks (fig. 2). Within these areas California
State Highway 1 was blocked by mud, boulders, and
vegetational debris; structures were partly buried,
heavily damaged, or leveled; automobiles were swept
into the Big Sur River; and private and public recrea-
tional areas were littered with bouldery debris. One
life was lost as a result of the mudflow activity.

A reconnaissance of the mudfiow-afflicted areas of
Big Sur following the first flows in October 1972
showed that the structures and roads damaged by mud-
flows and attendant floodwater were generally on al-
luvial fans deposited by Pheneger, Juan Higuera, and
Pfeiffer-Redwood Creeks. Older mudflow deposits, al-
most identical to those freshly deposited, were well ex-
posed along stream channels in these fans.

The alluvial fans of these three streams are domi-
nantly covered with forests of redwood (Sequoia
sempervirens). Subsequent investigation of the fans
indicated that the root systems of the redwoods have,
over the years, acted as bedding markers along the
tops and bottoms of the older mudflow deposits. Thus,
by dating root layers, a chronology and recurrence
frequency of mudflow activity could be established.
Such a recurrence frequency is useful in evaluating
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sandstone, conglomerate, and minor shale
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FIGURE 1.—Generalized geology of the Big Sur area, Calif. Base
from U.S. Geological Survey Santa Cruz map, scale 1:250,000,
1965. Geology modified from Jennings and Strand (1958)
and Gilbert (1971).
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Fieure 2.—Boundaries of the Molera fire of August 1972 and of the three major drainages that produced mudflows during the
following autumn and winter. Base from U.S. Geological Survey Big Sur topographic quadrangle, scale 1:24,000, 1956.

mudflow hazards for land-use planning and in design-
ing and routing roads and bridges in the mudflow-
prone coastal margin of the Santa Lucia Range.
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SETTING

The community of Big Sur is situated along the Big
Sur River (fig. 2) and straddles the northwest-trend-
ing Sur thrust—a major structural boundary of the
Santa Lucia Range in this area. East of the thrust
are Cretaceous granitic intrusive rocks and the pre-
Cretaceous metamorphic rocks of the Sur Series of

Trask (1926) which compose the core of the range.
West of the thrust are the complex eugeosynclinal
rocks of the Cretaceous and Upper Jurassic Francis-
can Formation which form the basement west of the
fault (Gilbert, 1971). The Sur thrust bifurcates into
two parallel faults in the Big Sur area (fig. 1)—the
Sur Hill thrust on the east and the Sur thrust on the
west. Sandwiched between these two faults is a narrow
wedge of Tertiary sandstone (Oakeshott, 1951). Pleis-
tocene and Holocene deposits discontinuously mask the
bedrock geology along the Big Sur River.

The topography and drainage of the area generally
parallel the regional northwest-trending structure. Re-
lief is rugged east of the Sur thrust. For example, the
altitude ranges from 120 feet (37 metres) at the mouth
of the Juan Higuera Creek to 3,550 ft (1,080 m) atop
Cabezo Prieto less than 2 miles (3 kilometres) to the
east (fig. 2). Slopes are commonly 45° or greater on
the granitic and metamorphic terrain east of Big Sur,
but they are generally less precipitous on the Fran-
ciscan terrain west of the Sur thrust.

The climate of the area is Mediterranean with al-
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most all rainfall occurring between October and April.
Mean annual precipitation at Pfeiffer-Big Sur State
Park averages about 41 inches (1,000 millimetres) per
year; however, extremes in mean annual precipitation
as low as 21 in (530 mm) and as high as 80 in (2,000
mm) have been recorded. Summer advection fogs,
which are common in the area, supplement mean an-
nual precipitation through drip from forest trees.
Mean annual precipitation increases with altitude in
the Big Sur area. For example, 80 in (2,000 mm) of
rain was recorded at Pfeiffer-Big Sur State Park dur-
ing the winter 1940—41; Cold Springs Camp, 7 mi (12
km) south of the park, received 160 in (4,100 mm) of
rain (Pearson and others, 1967, p. B-5). The altitude
of Pfeiffer-Big Sur State Park averages 216 ft (65.8
m), and that of Cold Springs Camp, 1,350 ft (411 m).

The distribution of vegetation is controlled pri-
marily by exposure and topography. Coastal chaparral
dominates on very steep or south-facing slopes. North-
facing slopes, deep narrow canyons, and valley bot-
toms are mantled by conifers and hardwoods. Red-
wood is the dominant tree in these forests.

The upper parts of the drainage basins of Pheneger,
Juan Higuera, and Pfeiffer-Redwood Creeks and sev-
eral adjacent unnamed basins were denuded of their
vegetation by the Molera fire in August 1972 (fig. 2).
The combination of the steep fire-denuded slopes and
intense rains of the autumn and winter 1972-73 helped
to generate the mudflows in the Big Sur area (Cleve-
land, 1973). The only other mudflows recorded in
these basins since the area was settled in 1860 occurred
during the winters 1908, 1909, and 1910. The flows fol-
lowed a 1907 forest fire which burned the vegetation
in the three basins (L. R. Helm, written commun.,
1973).

The most extensive mudflow deposits in the Big Sur
area are along the lower courses of Pheneger, Juan
Higuera, and Pfeiffer-Redwood Creeks. In these areas,
alluvial fans and valley fills have been deposited pri-
mairly from mudflow activity. The fans grade up-
stream into valley fills which are constricted by steep-
sided canyon walls cut from river and older mudflow
deposits and bedrock. The valley fills are generally
bounded  upstream by an abrupt increase in channel
gradient which usually coincides with the change in
lithology at the Sur Hill thrust. The downstream fans
abruptly flare at the mouths of the canyons near their
confluence with the Big Sur River. Gradients on the
fans and upstream valley fills range from 6 to 10 per-
cent. The mudflow deposits are typically not well
sorted and are composed of particles that range in
size from clay to boulders greater than 10 ft (3 m) in

length. Minor lenses of fluvial deposits occur within
the mudflow deposits. These deposits probably rep-
resent fluvial reworking following deposition of the
mudflows.

PREVIOUS INVESTIGATIONS

Most geologic investigations in the Big Sur area
have been concerned primarily with bedrock geology.
Trask (1926) first mapped the Point Sur 15" quad-
rangle. Oakeshott (1951) mapped the Pfeiffer-Big Sur
State Park area and mentioned the Pleistocene and
Holocene deposits along the Big Sur River. Gilbert
(1971) mapped parts of the Big Sur area during his
study of the Sur fault. Cleveland (1973) and Rodine
(1975) investigated the generation of mudflows in the
Big Sur area during October and November 1972.

INVESTIGATIVE METHODS

Detailed study of the mudflow stratigraphy was
made of one of the three alluvial fan-valley fill com-
plexes. The mudflow deposits along Pfeiffer-Redwood
Creek in Pfeiffer-Big Sur State Park (fig. 2) were
chosen because of the extensive degradation of the
channel of Pfeiffer-Redwood Creek by mudflows and
floodflows during the winter 1972-73. Vertical chan-
nel degradation of as much as 6.0 ft (1.8 m) was re-
corded in some places. As a result, much of the mud-
flow stratigraphy along the creek is well exposed. In
some places the deposits are completely exposed down
to bedrock.

A base map, scale 1:480, of Pfeiffer-Redwood Creek
between the Big Sur River and a point 1,240 ft (378
m) upstream was available through the California De-
partment of Parks and Recreation. The remaining
reach of the creek between the mapped area and
Pfeiffer Falls was sketch-mapped by tape and com-
pass. These maps were combined and used in plotting
geologic and botanical features (fig. 3).

Living trees and carbon-14 dating were the two
sources of data used to date and correlate mudflow de-
posits.

Use of redwoods in dating mudflow deposits

Redwoods grow abundantly in the canyons and on
north-facing hillsides of the Big Sur area. These trees
are able to survive the periodic fires, mudflows, and
tloods which frequent the Big Sur area because of the
following growth characteristics: The growth of ad-
ventitious roots, the growth of a ring of sprouts
around a parent stump (fairy ring development), heal-
ing of fire or impact injuries to the trunk, and but-
tress ring growth following tilting of the trunk. These
responses to injury or burial provide evidence for the
dating of past catastrophic events.
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Fundamental to all uses of the redwood to date
past catastrophic natural events is its long lifespan.
Individual specimens in the 500- to 1,000-year-old
range have been identified in the Big Sur area.

Root system.—Redwoods lack tap roots (Ifritz,
1934). Instead they develop extensive, relatively thin
root horizons that, in the study area, never exceeded
4 ft (1.2 m) in thickness. Redwoods are able to with-
stand periodic burial by mudflows or Hood-deposited
sediment because of their propensity for negative
geotrophic root growth (roots growing toward the sur-
face following burial) and subsequent development of
a new and shallower root system (Stone and Vasey,
1968). Negative geotrophic root growth restores the
flow of water and nutrients into the tree which would
otherwise be inhibited by the newly deposited sedi-
ments (Stone and Vasey, 1968). The vertical roots
are eventually supplanted by horizontal shallower root
systems developed from adventitious buds on the
buried stem (fig. 4). A schematic cross section of the
root, horizons of old redwoods that have experienced
several mudflows during their lifetimes is shown in fig-
ure 5, trees 2 and 3. Each root horizon marks the top
of the underlying mudflow and the bottom of the over-
lying deposit. Furthermore, the presence of a buried
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FIGURE 3.—Geology and selected botanical features along Pfeiffer-

root horizon indicates a significant hiatus between suc-
cessive mudflows. Without such an indicator it is im-
possible to determine whether two successive mudflows
were deposited during the same winter or 100 years
apart. Figure 6 shows examples of the appearance of
some of these adventitious roots in the field.

The relations between root horizons and mudflow
deposits used to date past mudflow events in this study
are illustrated in figure 5. Tree 1 in figure 5 has only
a single root system. Cores were taken from trees with
a single root horizon. The annual rings in the cores
were counted in the laboratory in an attempt to find
the oldest trees. The ages of the oldest trees sampled
are the minimum ages of the deposits underlying the
trees. Ages of trees with several root systems (fig. 5;
trees 2, 3) are the minimum ages of the deposits below
the lowest and original root system. Counting the root
horizons above the original root system determines the
number of mudflows which buried the tree deeply
enough to cause it to develop new root systems. If the
number of root zones is divided into the age of the
tree, then the result is the average recurrence interval
(in years) for mudflows at that site and of a char-
acter capable of causing development of a new root
zone. Thus, the division of the number of subsequent
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Redwood Creek between Pfeiffer Falls and the Big Sur River.

root horizons into the age of the tree produces the
minimum average mudflow recurrence interval. Where
trees with different numbers of multiple roots were lo-
cated in close proximity, minimum and maximum ages
were established for the mudflows. Table 1 describes
tree cores examined during this study.

Mudflow recurrence frequencies determined by root-
horizon studies must be regarded as minimum values
owing to the complex history of streams such as
Pfeiffer-Redwood Creek. Constant channel migration
and attendant cutting and filling complicate the stra-
tigraphy of deposits adjacent to the channel. For ex-
ample, the mudflow deposits of 1972-73 are only spo-
radically deposited along the upper part of the
Pteiffer-Redwood Creek (fig. 3).

Trunks—Redwood trunks may record mudflow
events in several ways. The pounding of mudflows or
floodwater-driven bedload against the upstream side
of the trees strips away the bark and phloem and scars
the underlying xylem. For example, scars from the
mudflows of 1908-10 are still visible on some trees
along both Pfeiffer-Redwood and Pheneger Creeks. If
no subsequent flows attack these trees, the scars will
eventually be healed by peripheral growth around the
scar, which can be identified in annual-growth-ring
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studies (see section “Field and Laboratory Proce-
dures”). When such a scar is identified, the year of
the responsible flow may be estimated by dating the
first complete annual growth ring on the outside of
the scar (Sigafoos, 1964).

Forest fire scars are recorded in the redwood in a
similar manner. Fire scars are significant because,<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>