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Modeling Sediment Accumulation and Soil Erosion with 137Cs and 210Pb in
the Ala Wai Canal and Central Honolulu Watershed, Hawai'i1

GARY M. McMURTRY,2 ANOND SNIDVONGS,2·3 AND CRAIG R. GLENN4

ABSTRACT: Radiochemical studies of sediments from the Ala Wai Canal, an
urban estuary in Honolulu, and of soils and stream sediments from the central
Honolulu watershed were undertaken to investigate the sediment accumulation
history and estimate the sediment yield and denudation rate of the watershed.
Modern high-purity Ge gamma spectrometry techniques were used to assess the
activities of V-series and 137CS radioisotopes in stratigraphic subsamples of
three 1- to 2-m-Iong sediment cores, 14 watershed soil horizons, and grab
samples of seven tributary stream sediments. Geochronology based on excess
21°Pb, using either steady-state constant flux or constant activity models, yields
ages that exceed the known age of the Ala Wai Canal. Geochronology based on
a nonsteady-state, two-box, erosion/redeposition model of fallout 137CS yields
sedimentation rates for the canal of between ca. 2 and 22 cm yr-1. These rates
generally exceed those based upon excess 21°Pb by more than a factor of two
and agree with the known age of the canal and with sedimentation rate esti-
ased-uf'0n-bath1'met1'-y-Ghanges.-Based-on-the 137Cs=mo_d.eLchronologx
from 1957 to 1991, the Ala Wai Canal collects bulk sediment at a mean rate of
ca. 3100 tons annually. About 80% of the sediment is detrital clays from
erosion of the central Honolulu watershed, whereas about 20% of the sediment
is composed of marine authigenic and biogenous phases. The sediment yield for
the central Honolulu watershed of ca. 60 metric tons km-2 yr-1 equates to a
physical denudation rate of ca. 6 mg cm-2 yr-1-at the low end of the range of
physical denudation rate estimates for the island of O'ahu. Based on the mean
137CS sedimentation rates and an average canal water depth of2 m, the average
time to fill the canal is about 60 yr, assuming that little sediment escapes. The
mean fill time is only about 40 yr for the middle canal segment, which receives
most sill development from the Manoa-Palolo Stream drainage canal, whereas
for the outer and inner canal sediments, mean fill times are about 70 yr. Fallout
137Cs-derived sedimentation rates for each 4-cm interval range from <0.1 to
> 1.0 g cm-2 month-1 and reveal three episodes of relatively high sediment
accumulation in the canal over the ca. 35-yr period before 1991: 1957-1967,
1979-1982, and 1986-1991. The two earlier episodes appear to coincide with
periods of high rainfall, but are generally preceded by dry periods where accu
mulation of marine authigenic phases are high. The most recent high sediment
accumulation episode does not appear to correlate with high rainfall, although
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the annual rainfall trend has increased toward 1990 from a low in 1983. For the
Ala Wai Canal, the flux of excess 210Pb generally follows the sedimentation rate
and is not constant with time. Two possible causes of higher excess 21°Pb fluxes
than those expected from a linear relationship are nonsteady-state atmospheric
input to the Hawaiian Islands from 222Rn_rich air masses that originate in
Asia, and 222Rn from local volcanic eruptions. The variable excess 210Pb flux
into the canal sediments may, however, be related to a complex mechanism of
soil erosion.
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The sediment cores were obtained in the
summers of 1991 and 1992 by manually in
serting plastic core-liners into the soft Ala
Wai Canal sediments from a small boat posi
tioned near the center of the canal at each
coring site (Figures I and 2). After core
recovery, sediment compaction upon coring

THE ALA WAI CANAL is an elongate artificial This study was initiated as part of a multi
estuary that was created in the 1920s to drain disciplinary program aimed at assessing the
the wetlands area in Waikiki for tourist re- current and past status of the environmental
sort development. Construction began on the quality of the Ala Wai Canal (Fryer 1995,
canal in 1921 and was completed in 1927 Glenn and McMurtry 1995). Studies of the
(Glenn and McMurtry 1995). Freshwater dis- canal sedimentation were undertaken to com
charge is received primarily from the conver- plement many of these investigations by pro
gence of the Manoa and Palolo Streams, viding age constraints on the sediment accu
which drain their respective valleys, and from mulation so that historical records of the
Makiki Stream, whose valley flow was di- various sediment components could be made
verted into the canal. Freshwater is also and the origins and causes of past hydrologic
received from runoff of the adjoining streets, conditions and of the introduction of pollut
from the Ala Wai Golf Course, and from ants could be identified. The known age,

_naturaLsprings-!ocated-along-the-mauka-small-size,simple-geometry;-and-known-ma--
(mountain) side of the canal (Figures I and jor sources of sediment introduction of the
2). Seawater enters the canal from the Ala Ala Wai Canal make this estuarine system
Wai Yacht Harbor and reaches all portions nearly ideal for the application and testing of
of the canal (Laws et al. 1993), despite a large sedimentation models. Together with histori-
sill that has developed at the mouth of the cal records of rainfall and runoff, we also
Manoa-Palolo Stream drainage canal. Sedi- wished to use the modeling results to estimate
mentation of the Ala Wai Canal from natural erosion rates of the central Honolulu water
causes, perhaps amplified by the urbani- shed (Makiki-Manoa-Palolo Valleys). To
zation of Honolulu, has been a continuing achieve these goals, we applied steady-state
problem for the city and county and mani- constant flux and constant activity models of
fests itself in this sill, which currently shoals excess 21°Pb activities to three Ala Wai Canal
at low tide in places near the mouth of the sediment cores and used the sediment core
Manoa-Palolo drainage canal. The sill has and watershed soil inventories of fallout
been removed twice, once in 1966, and again 137CS activities in a nonsteady-state model to
in 1978, when a larger portion of the canal obtain sediment ages and an estimate of
was dredged (Figure 2). The canal originaliy the average sediment yield from the central
was dredged to an average depth of 3-6 m, Honolulu watershed.
but in 1971 the average depth was estimated
to be no more than 2 m (Gonzalez 1971);

-teda-y-ne-pertion-oHhe-canal-is-greate
MATE

4 m deep (Laws et al. 1993). Restricted circu
lation within the canal promoted by the sedi
mentation has caused the bottom waters to
become stratified, anoxic, and polluted, espe
cially in the back portion of the canal (Glenn
et al. 1995), whereas surface waters are hyper
eutrophic with conditions close to optimal
for phytoplankton growth (Laws et al. 1993).
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FIGURE I. Topographic contour map of the central Honolulu watershed, consisting of the Makiki, Manoa, and
Palolo Valleys and portions of the Honolulu coastal plain. Locations of Ala Wai Canal sediment cores, stream
ent-and-soil-samples,and-selected-minfaILstations_are_in.dic.ated. Major streams are denoted by solid lines,
minor streams by dash-dot lines, and watershed boundaries by dashed lines. Urban areas are indicated by shadIng.
Inset: topographic contour map of O'ahu, Hawai'i, showing location of study area.

(estimated at less than 10%) was noted,
excess water was drained from the liner
headspace, and the cores were immediately
transported in vertical position to our lab
oratories at the University of Hawai'i. The

cores were then frozen in vertical posItIOn,
split into two halves with a table saw, and
each thawed section visually described (cf.
Glenn et al. 1995) and subsequently sampled.
After thawing, each section was preserved in
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FIGURE 2. Location map of the Ala Wai Canal, showing three aerial sections (hatchured) chosen to be
represented by the three sediment cores studied (solid triangles). Areas affected by sill dredging in 1966 and 1978 are
also indicated.

sealed plastic bags within plastic D-tubes
and stored horizontally under refrigeration at
2°e. Of the numerous cores collected, this
study focused on three cores recovered from
areas of the canal that were unlikely to have
been disturbed by dredging (Figure 2). Total
recovered lengths for each core were 90 cm
for Miller-3 (M-3), 164 cm for Miller-2l
(M-2l), and 200 cm for Gonzalez-8 (G-8).
Water depths at these coring sites were 3.8,
3.0, and 3.1 m, respectively. For the radio
chemical analysis, one-half of each core was
subsampledat 4-cm intervals. Porosities and
dry bulk densities were estimated for each
sediment subsample by calculating the sec
tional volume sampled and measuring the
sediment weight before and after oven drying
for 48 hr at 110°C. Porosity determinations
assumed complete porewater saturation.

Watershed soils and stream sediments were
collected in 1991, 1992, and 1993. Sediment

grab samples were taken from the center
of the stream at the site (Figure 1) and were
wet sieved into two size fractions, 1000
45 }.lm and < 45 }.lm, that were estimated by
weight after oven drying for at least 24 hr at
60°C. Soil sample profiles from within the
watershed were taken wherever possible away
from urban development; however, a few
sites were located near residences. The pro
files were obtained by carefully hand digging
10-cm intervals to 50-cm depth and, in one
case where an exposure was available, to
100-cm depth. Except as note-d, soil dry bulk
densities were measured by loosely packing
moist samples into known volumes and oven
drying for 48 hr at 110°C before weighing.

All samples for radiochemical analysis
were dried at 110°C and ground with mortar
and pestle. Weighed sample powders were
sealed into plastic counting vials with high
vacuum resin and incubated for a minimum



TABLE I

SAMPLE DESCRIPTION: MANOA-PALOLO-MAKlKl VALLEYS WATERSHED AND ALA WAI CANAL

COLLECTION WEIGHT FRACTION (%) AVG. DRY BULK
SAMPLE NO. DATE LOCATION PHYSICAL DESCRIPTION AND COMMENTS 45-1000 11m <45 11m DENSITY (gjcm 3 )

NYS 92-1 23 June 199~ Manoa Stream behind Paradise Park Gray-brown sandy gravel with silt and 76.5 23.5
and near Lyon Arboretum clay; colle~ted in side tributary

NYS92-2 23 June 1992 Manoa Stream behind Paradise Park Gray-brown sandy gravel with silt and 89.2 10.8
and near Lyon Arboretum clay; collected in center of main

streambed
NSY 92-3 23 June 1992 Manoa Stream and Dole Street bridge Gray-brown sandy gravel with silt and 39.7 60.3

clay; collected in center of main
streambed under bridge

NYS 92-4 23 June 1992 Manoa and Palolo Streams drainage Black sandy silt and clay with some 54.4 45.6
into the Ala Wai Canal gravel; hydrogen sulfide smell;

collected on side of main stream
NYS 92-5 7 July 1992 Soil profile in Manoa Valley at 2316 0-50 cm; da~k brown changes to light - 1.20"

O'ahu Avenue brown at '20-25 cm; clumpy on top;
finer grain size at depth; collected in
front yard

NYS 92-6 14 July 1992 Soil profile in Manoa Valley at 2654 0-50 cm; blackish brown at 0-50 cm to - - 1.20a

Lowrey Avenue (corner lot) copper red and much additional
moisture 'at bottom; collected in side
yard near house

NYS 92-7 14 July 1992 Soil profile at Manoa Stream on right 0-50 cm; br0wnish red, organic-rich - - 0.80"
bank by sample sites 92-1 and 92-2 soil; fine grain size; color changes to
when looking downstream a lighter brown at 30-40 cm; minor

basalt and Mn oxide-coated, altered
rock fragments

NYS 92-8 14 July 1992 Manoa Stream at Kahaloa Drive Gray-brown sandy gravel with silt and 92.4 7.6
bridge clay; collected in center of main

streambed about 20 m downstream
from bridge

NYS 92-9 16 July 1992 Soil profile in Palolo Valley at 3160 0-50 cm; yellowish brown, rocky and - - O.92a

Magnolia Drive (end ofroad) dry soil; collected beneath large
mango tree in side yard; site near
bank of Palolo Stream

NYS 92-10 16 July 1992 Soil profile on St. Louis Heights; 0-50 cm; brownish red, organic-rich - - 0.84a

Waahila Ridge State Recreation soil; red 'color intensifies with depth;
Area collected in ironwood forest near

entrance



NYS 92-11 16 July 1992 Palolo Stream at Pukali Bridge Gray-brown sandy gravel with silt and 89.3 10.7
clay; collected in center of main
streambed about 10 m upstream
from bridge

NYS 92-12 24 July 1992 Makiki Stream; near corner of Round Black sand ,with silt, clay and some 92.4 7.6
Top Drive and Makiki Street gravel '

NYS 92-13 24 July 1992 Soil profile in Makiki Forest Recreation 0-100 cm; red, moist, indurated clay; - - 0.97"
Center collecte4 in road cut behind center

and near active stream
NYS 92-14 24 July 1992 Soil profile in Tantalus Park 0-50 cm; blackish brown, organic-rich - 1.04"

soil; collected in fore~ted park near
summit area

NYS 93-15 31 July 1993 Soil profile in Palolo Valley; watershed 0-50 em; moist, dark brown, organic- - - 0.68 ± 0.11
reservation rich soil; color change to brown at (n = 5)

30 cm; collected about 20 m above
first falls in back of Palolo Valley

NYS 93-16 31 July 1993 Soil profile in Palolo Valley; watershed 0-50 cm; moist brown soil; color - - 0.65 ± 0.03
reservation change to reddish brown at 30 cm; (n = 5)

collected about 500 m downstream
from 93LI5 site, on ~30° slope
about 5 'm above trail

NYS 93-17 31 July 1993 Soil profile in Palolo Valley; watershed 0-50 em; \ rown, organic-rich soil; - - 0.68 ± 0.05
reservation sharp c '·Ior change to brownish red (n = 5)

at 30 cm; collected about 20 m off
trail unqer large eucalyptus trees
near ent:rance and pump station

NYS 93-18 9 August 1993 Soil profile in Manoa Valley at Manoa 0-60 cm; moist reddish brown clay; - - 0.66 ± 0.08
Falls color change to brown at 40 cm; (n = 6)

collected in trail cut about 200 m
downstream from Manoa Falls

NYS 93-19 9 August 1993 Soil profile in Manoa Valley at Manoa 0-50 cm; moist, dark brown, - - 0.63 ± 0.08
Tunnel no. 2 organic-,rich soil; color change to (n = 5)

brown at 30 cm; collected in trail cut
about 20 m downstream from
Manoa Tunnel no. 2

NYS 93-20 9 August 1993 Soil profile in Manoa Valley at 3119 0-50 cm; brown, organic-rich soil; - - 0.85 ± 0.07
Beaumont Woods Place collected in side yard near large (n = 5)

outcropping of boulders and under
large ironwood trees

NYS 93-21 9 August 1993 Soil profile in Palolo Valley at Palolo 0-50 em; dark brown, organic-rich soil; - - 0.84 ± 0.04
Chinese Home collected about 20 m up on slope (n = 5)

behind home complex about 50 m
from entrance, in natural forest area
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RESULTS AND DISCUSSION

The sediments of the Ala Wai Canal are
dark brown to black anoxic muds primarily
composed of detrital clays (smectite and
chlorite) with admixtures of microcrystalline

of 3 weeks to allow ingrowth of 222Rn and
daughter activities before counting. Urani
um-series and 137CS radionuclide activities
were determined simultaneously by non
destructive gamma spectrometry using an
extended-range, coaxial, high-purity Ge de
tector (EG&G Ortec Gamma-X) with spec
trum acquisition on a 4096-channel multi
channel analyzer. Samples were corrected for
geometry and for self-absorption of 21°Pb
and 234Th activities after methods previously
described (Kim and Burnett 1983, Kim and
McMurtry 1991). Spectral data were subse
quently manipulated by computer and the
reported net specific activities, normalized to
NBS and EPA standards, were decay-cor
rected to the date of sample collection. Excess
21°Pb and 226Ra activities are reported as the
difference between total 21°Pb and 226Ra
activities and between total 226Ra and 234The38U) activities, respectively, assuming all
23~h activities are in secular equilibrium
with238U.

A detrital fraction of the Ala Wai Canal
sediments was calculated as DF (%) = [I 
(CaC03 + Corg + S)] ·100, using concentra
tions of CaC03, Corg , and S from Glenn
et al. (1995). These detrital fractions are pro
bably maximum values because abundant
diatom tests and other biosiliceous material
noted in these cores (Glenn et al. 1995, Resig
et al. 1995) were not included in the calcula
tions. The mean Si/Al ratio of the canal
sediment cores (M-3, M-21, G-8B) of 1.57 ±
0.12 is only slightly higher than the mean
Si/Al ratio of the <45-llm fraction of three
Manoa Stream sediment samples (1.23 ±
0.27 [De Carlo and Spencer 1995]) that likely
represent nearly pure detrital material from
watershed soil erosion. The abundance of
biosiliceous material in the Ala Wai Canal
sediments therefore does not appear substan
tialrelative to the other components.
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TABLE 2

MILLER-3 CORE: URANIUM- AND THORIUM-SERIES RAoIONUCLIDE AND FALLOUT 137CS ACTIVITIES

DEPTH DRY BULK DETRITAL
INTERVAL DENSITY FRACTION 210Pb Ex. 210Pb 226Ra 238U 232Th 137CS

(em) (g/em3) (%)" (PCi/g) +/- (PCi/g) +/- (PCi/g) . +/- (PCi/g) +/- (PCi/g) +/- (PCi/g) +/-
I

0-4 0.346 86.9 4.36 0.14 4.06 0.14 0.303 0.010 0.971 0.088 0.500 0.018 0.421 0.016
4-8 0.269 84.6 4.20 0.17 3.92 0.17 0.281 0.012 0.951 0.088 0.638 0.025 0.471 0.021
8-12 0.337 79.3 3.42 0.15 3.09 0.15 0.333 0.011 0.910 0.093 0.470 0.017 0.403 0.018

12-16 0.425 80.5 3.03 0.13 2.73 0.13 0.304 0.009 0.943 0.081 0.560 O.oJ8 0.385 0.015
16-20 0.509 86.2 2.84 0.12 2.58 0.12 0.260 0.008 1.093 0.Q78 0.500 0.016 0.291 0.012
20-24 0.613 79.9 1.95 0.11 1.66 0.11 0.296 0.008 1.173 0.058 0.472 0.014 0.364 0.013
24-28 0.618 86.7 1.18 0.08 0.87 0.08 0.314 0.007 1.082 0.063 0.544 0.012 0.436 0.011
28-32 0.633 86.8 0.8i 0.08 0.51 0.08 0.301 0.006 0.780 0.045 0.639 0.012 0.609 0.013
32-36 0.533 89.8 1.28 0.08 0.96 0.08 0.316 0.006 1.073 0.060 0.709 0.013 0.759 0.014
36-40 0.699 89.0 1.15 0.08 0.87 0.08 0.274 0.007 1.040 0.065 0.437 0.011 0.463 0.012
40-44 0.635 84.0 1.13 0.10 0.81 0.10 0.318 0.009 0.775 0.058 0.613 O.oJ5 0.729 0.019
44-48 0.466 83.8 0.50 0.10 0.22 0.10 0.286 0.009 1.200 0.084 0.763 0.017 1.000 0.022
48-52 0.506 86.1 0.74 0.08 0.44 0.08 0.309 0.007 0.739 0.063 0.852 0.017 0.673 0.015
52-56 0.515 83.4 1.16 0.09 0.84 0.09 0.323 0.007 1.154 0.068 0.580 0.014 0.476 0.013
56-60 0.520 83.2 0.64 0.10 0.34 0.10 0.300 0.008 0.883 0.Q78 0.588 0.016 0.497 0.016
60-64 0.647 80.7 0.82 0.09 0.53 0.10 0.289 0.008 1.160 0.079 0.707 0.018 0.649 0.017
64-68 0.529 85.6 0.47 0.09 0.17 0.09 0.303 0.007 1.901 0.092 0.598 0.018 0.241 0.011
68-72 0.604 78.4 1.10 0.09 0.67 0.09 0.433 0.008 1.190 0.071 0.606 0.015 0.163 0.008
72-76 0.594 65.3 0.91 0.08 0.72 0.09 0.189 0.006 1.263 0.068 0.446 0.015 0.084 0.007
76-80 0.581 72.6 0.64 0.11 0.36 0.11 0.283 0.010 1.704 0.097 0.537 0.021 0.030 0.007
80-84 0.575 81.2 0.70 0.10 0.33 0.10 0.366 0.009 1.582 0.088 0.367 0.015 0.040 0.007
84-87 0.362 90.5 0.80 0.11 0.48 0.11 0.318 0.010 1.525 0.095 0.362 0.017 0.030 0.007
87-90 0.443 85.1 0.83 0.10 0.39 0.10 0.435 0.010 1.385 0.067 0.663 0.021 O.oJ8 0.006

Errors based on counting statistics (± lu)
"Detrital Fraction (%) = [I - (CaC03 + CO" + S)]· 100. Concentrations of CaC03 , Co,,_ and S from Glenn et al. (1995).



TABLE 3

MILLER-21 CORE: URANIUM- AND THORIUM-SERIES RADIONUCLIDE AND FALLOUT 13 7CS ACTIVITIES

DEPTH DRY BULK DETRITAL
INTERVAL DENSITY FRACTION 2lOPb Ex. 210Pb 226Ra 238U 232Th 137CS

(em) (g(em3) (%)" (PCi(g) +(- (PCi(g) +(- (PCi(g) +(- (PCi(g) +(- (PCi(g) +(- (PCi(g) +(-

0-4 0.283 85.3 3.19 0.12 2.85 0.12 0.337 0.011 0.850 0.067 0.471 0.016 0.460 0.016
4-8 0.273 82.5 3.57 0.16 3.24 0.16 0.331 0.014 0.883 0.108 0.486 0.022 0.461 0.021
8-12 0.258 85.0 3.49 0.15 2.92 0.15 0.573 0.016 0.578 0.098 0.755 0.023 0.595 0.023

12-16 0.219 89.1 3.59 0.17 3.19 0.17 0.399 0.016 0.632 0.110 0.677 0.026 0.626 0.Q25
16-20 0.289 86.5 4.03 0.16 3.68 0.16 0.352 0.013 1.310 0.107 0.528 0.019 0.616 0.022
20-24 0.284 87.1 4.10 0.16 3.84 0.16 0.262 0.012 0.804 0.098 0.484 0.019 0.555 0.021
24-28 0.242 86.1 3.30 0.15 3.13 0.16 0.167 0.011 0.654 0.083 0.350 0.012 0.583 0.023
28-32 0.277 85.4 3.82 0.15 3.46 0.16 0.363 0.011 0.541 0.095 0.478 0.019 0.510 0.020
32-36 0.298 84.9 3.62 0.15 3.34 0.15 0.282 0.011 0.468 0.089 0.510 0.019 0.582 0.021
36-40 0.335 82.0 3.56 0.14 3.34 0.14 0.223 0.009 0.865 0.072 0.454 0.017 0.645 0.021
40-44 0.330 82.0 3.05 0.13 2.75 0.13 0.307 0.011 0.834 0.091 0.600 0.020 0.624 0.020
44-48 0.375 81.8 3.05 0.13 2.70 0.13 0.352 0.011 0.966 0.088 0.536 0.017 0.706 0.021
48-52 0.373 85.7 2.72 0.09 2.47 0.09 0.254 0.006 0.675 0.059 0.596 0.013 0.630 0.013
52-56 0.373 84.5 2.20 0.11 1.88 0.11 0.319 0.009 1.189 0.063 0.681 0.017 0.738 0.018
56-60 0.382 83.1 2.20 0.12 1.91 0.12 0.287 0.010 1.298 0.091 0.533 0.017 0.734 0.021
60-64 0.314 84.5 2.59 0.14 2.22 0.14 0.370 0.012 1.427 0.104 0.741 0.023 0.822 0.024
64-68 0.304 85.0 2.35 0.11 2.04 0.11 0.307 0.009 0.984 0.065 0.755 0.019 0.863 0.020
68-72 0.317 85.9 1.99 0.11 1.73 0.11 0.264 0.009 0.653 0.080 0.662 0.018 0.779 0.020
72-76 0.279 85.8 1.32 0.13 1.03 0.13 0.294 0.012 0.679 0.097 0.619 0.022 0.785 0.Q25
76-80 0.318 88.9 1.72 0.12 1.47 0.12 0.248 0.010 0.843 0.094 0.836 0.024 0.977 0.026
80-84 0.335 88.2 1.35 0.10 1.10 0.10 0.245 0.008 0.327 0.072 0.571 0.016 0.795 0.019
84-88 0.373 87.3 1.04 0.11 0.75 0.11 0.282 0.009 0.667 0.085 0.736 0.023 0.634 0.020
88-92 0.374 88.1 0.81 0.09 0.50 0.09 0.309 0.008 0.947 0.Q75 0.538 0.015 0.550 0.016
92-96 0.380 88.0 0.88 0.09 0.63 0.09 0.250 0.008 0.727 0.057 0.511 0.015 0.579 0.016
96-100 Q.400 86.7 0.97 0.09 0.66 0.09 0.305 0.008 0.571 0.056 0.582 0.015 0.658 0.017

100-104 0.403 86.9 0.69 0.10 0.45 0.10 0.240 0.009 0.659 0.082 0.517 0.017 0.592 0.019
104-108 0.404 86.1 0.65 0.10 0.40 0.10 0.245 0.008 0.620 0.080 0.591 0.019 0.595 0.019
108-112 0.392 91.1 0.94 0.09 0.65 0.09 0.294 0.007 0.350 0.053 0.776 0.017 0.945 0.019
112-116 0.422 92.3 0.51 0.10 0.19 0.10 0.314 0.009 0.227 0.073 0.713 0.018 0.908 0.022
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carbonate muds that appear gray with in
creasing proportions. In addition to the
predominant detrital components, the canal
sediments have relatively high organic car
bon contents of mixed marine/terrigenous
origin (ca. 1-8%), authigenic calcium car
bonate of abiotic origin (ca. 6-68%), and
abundant diatom tests and pyrite (Glenn et
al. 1995). Infauna are scarce to nonexistent
(Resig et al. 1995); bioturbation effects are
therefore considered negligible, although no
fine laminations or sediment varving were
evident (Glenn et al. 1995). Sample descrip
tions for the sediments and soils are presented
in Table 1 with estimates of soil dry bulk
densities. The activities of total 210Pb, excess
210Pb, 226Ra, 238U, 232Th, and 137CS along
with dry bulk densities for each sample inter
val of cores M-3, M-2l, and G-8 are pre
sented in Tables 2, 3, and 4. Table 5 presents
the activities of total 210Pb, excess 21°Pb,
total 226Ra, excess 226Ra, 238U, 232Th, and
137CS for the central Honolulu watershed
soils and stream sediments.

The distribution of sediment porosity with
depth for cores M-3, M-2l, and G-8 is pre
sented in Figure 3. For cores G-8 and M-2l,
porosities generally decrease uniformly, with
low values representing fine-grained, car
bonate-rich sediment layers (Glenn et al.
1995). These variations may reflect sediment
compaction, but are also correlated with
decreases m organic carbon with depth
(Glenn et al. 1995). Core M-3 displays a
much steeper porosity gradient in its upper
portion and low values in deeper sections
that do not correlate with carbonate-rich
sediment layers. For this core, porosity
appears dominated by organic carbon varia
tions with depth (Glenn et al. 1995).

The downcore distributions of 238U,
226Ra, and 232Th activities are presented in
Figure 4. Activity variations of 238U are
primarily correlated with those of authigenic
calcium carbonate, with the highest 238U
concentrations occurring in the back-basin
core G-8. Seawater 238U is apparently scav
enged from the canal into or onto authigenic
calcium carbonate under anoxic conditions.
The origin of the calcium carbonate in these
sediments and correlation with 238U activi-



TABLE 4

GONZALEZ-8 CORE: URANIUM- AND THORIUM-SERIES RAoIONUCLIDE AND FALLOUT 137CS ACTIVITIES

DEPTH DRY BULK DETRITAL
INTERVAL DENSITY FRACTION 210Pb Ex. 210Pb 226Ra 238U 232Th 137CS

(em) (g/em3) (%)" (PCi/g) +/- (PCi/g) +/- (PCi/g) +/- (PCi/g) +/- (PCi/g) +/- (PCi/g) +/-

0-4 0.117 83.5 3.64 0.26 3.30 0.27 0.332 0.023 1.222 0.204 0.425 0.Q38 0.449 0.034
4-8 0.209 82.1 3.69 0.15 3.19 0.16 0.495 0.016 0.589 0.086 0.631 0.022 0.526 0.022
8-12 0.198 83.3 3.09 0.16 2.36 0.16 0.732 0.020 1.136 0.128 0.734 0.021 0.517 0.023

12-16 0.215 82.5 2.65 0.15 1.93 0.15 0.715 0.020 1.168 0.095 0.776 0.020 0.513 0.023
16-20 0.245 80.5 2.75 0.14 2.17 0.15 0.581 0.017 0.652 0.085 0.573 0.012 0.481 0.021
20-24 0.201 79.8 1.33 0.11 1.06 0.11 0.279 0.Ql1 0.775 0.091 0.526 0.022 0.418 0.018
24-28 0.222 74.1 2.36 0.13 1.90 0.13 0.461 0.014 1.345 0.106 0.710 0.022 0.520 0.019
28-32 0.213 62.6 1.30 0.13 0.94 0.14 0.356 0.014 1.603 0.123 0.486 0.023 0.423 0.021
32-36 0.179 77.5 1.19 0.16 0.91 0.16 0.276 ' 0.016 2.181 0.152 0.586 0:026 0.564 0.027
36-40 0.177 74.0 1.02 0.12 0.81 0.12 0.208 0.011 2.976 0.127 0.456 0.018 0.532 0.020
40-44 0.180 82.3 1.47 0.15 1.13 0.16 0.334 0.014 2.143 0.152 0.781 0.034 0.596 0.028
44-48 0.222 61.9 1.20 0.13 0.93 0.13 0.270 0.012 2.982 0.125 0.447 0.024 0.368 0.020
48-52 0.223 70.2 1.13 0.13 0.88 0.13 0.252 0.009 4.247 0.132 0.465 0.016 0.407 0.014
52-56 0.240 84.3 1.06 0.10 0.64 0.10 0.421 0.011 1.358 0.093 0.834 0.021 0.879 0.022
56-60 0.199 87.8 0.88 0.12 0.43 0.12 0.441 0.014 1.429 0.096 0.973 0.026 1.496 0.037
60-64 0.227 86.3 0.69 0.12 0.40 0.12 0.291 0.012 0.966 0.107 1.045 0.027 1.483 0.Q35
64-68 0.238 87.3 1.06 0.11 0.77 0.11 0.294 0.011 0.782 0.094 0.702 0.020 0.926 0.026
68-72 0.248 87.8 1.09 0.10 0.67 0.10 0.425 0.011 1.124 0.087 0.698 0.020 0.481 0.017
72-76 0.205 86.8 0.87 0.12 0.42 0.12 0.453 0.014 1.144 0.113 0.851 0.030 0.481 0.022
76-80 0.266 87.5 0.69 0.09 0.24 0.09 0.454 0.011 0.665 0.079 0.607 0.018 0.319 0.014
80-84 0.240 88.4 0.75 0.11 0.43 0.11 0.325 0.011 1.115 0.082 0.563 0.024 0.223 0.015
84-88 0.290 88.2 0.70 0.09 0.27 0.09 0.429 0.011 1.012 0.084 0.576 0.019 0.191 0.012
88-92 0.289 86.2 0.76 0.10 0.40 0.11 0.358 0.010 1.056 0.073 0.661 0.025 0.067 0.009
92-96 0.256 85.6 0.65 0.11 0.16 0.11 0.491 0.013 1.052 0.101 0.604 0.024 0.038 0.009
96-100 0.284 88.8 0.57 0.10 0.15 0.10 0.423 0.011 0.789 0.089 0.624 0.023 0.019 0.008

100-104 0.288 87.0 0.76 0.10 0.32 0.10 0.437 0.012 0.715 0.070 0.523 0.021 0.039 0.009
104-108 0.290 85.4 0.50 0.09 0.14 0.09 0.360 0.008 0.889 0.060 0.411 0.016 0.010 0.006
108-112 0.270 81.8 0.66 0.08 0.30 0.08 0.363 0.009 1.157 0.059 0.431 0.015 n.d. n.d.
112-116 0.260 80.0 0.77 0.11 0.34 0.11 0.425 0.013 1.232 0.085 0.511 0.023 0.023 0.009
116-120 0.277 79.1 0.67 0.11 0.30 0.11 0.367 0.011 1.367 0.077 0.404 0.019 n.d. n.d.
120-124 0.284 81.8 0.81 0.11 0.38 0.11 0.424 0.011 1.177 0.077 0.632 0.025 n.d. n.d.
124-128 0.242 71.0 0.78 0.09 0.54 0.09 0.240 0.009 2.856 0.094 0.292 0.015 n.d. n.d.
128-132 0.255 77.3 1.03 0.12 0.72 0.12 0.302 0.011 2.358 0.089 0.385 0.021 n.d. n.d.
132-136 0.318 81.8 0.52 0.09 0.19 0.10 0.328 0.010 1.624 0.074 0.328 0.017 n.d. n.d.
136-140 0.338 82.9 0.48 0.08 0.21 0.08 0.271 0.008 1.616 0.080 0.297 0.014 n.d. n.d.
140-144 0.397 88.9 0.48 0.09 0.21 0.09 0.270 . 0.009 1.375 0.068 0.342 0.016 0.014 0.006
144-148 0.329 86.7 0.56 0.08 0.24 0.08 0.320 0.008 1.202 0.077 0.395 0.015 0.003 0.005
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ties are more fully discussed in Glenn et al.
(1995). 226Ra activities are generally constant
with depth. Cores G-8 and M-21 both display
226Ra activity peaks within the topmost 20
cm that decrease near the core top (Figure 4).
As expected from its geochemical behavior,
232Th activities appear to reflect detrital ma
terial, being somewhat inversely correlated
with calcium carbonate, as reflected in the
238U activities in Figure 4. 232Th activities
appear to covary with those of 226Ra, espe
cially in the topmost portion of cores G-8
and M-21, suggesting a detrital origin for
both radionuclides.

210Pb Modeling

The disequilibrium between 21°Pb and
226Ra was first utilized to date recent ( < 150
yr) lake and nearshore marine sediments by

~ Krishnaswami et al. (1971) and Koide et al.
~ (1972, 1973). Krishnaswami et al. (1971)
E· presented· a simple model that successfully
,g explained their 210Pb profiles based upon a
~ constant flux of excess 21°Pb to the sediment
§ water interface and a constant sedimentation
J rate. Additional assumptions in their model

are as follows: (1) no postdepositional migra
tion of the nuclide within the sediment (i.e.,
no nuclide diffusion or physical mixing of the
sediment by bioturbation, considered a rea
sonable assumption for the anoxic sediments
studied here); and (2) the activity of 21°Pb
supported by 226Ra in the sediment is inde
pendent of depth (not considered here be
cause we have measured the 226Ra activity
for each sample interval). Under the condi
tions of this simple, steady-state model, the
activity (A) of a sediment section of age t is

A(t) = (F/w)e-).r + A' (I)

where F is the flux of 210Pb at the sediment
water interface in pei cm-2 yr-1

, w is the bulk
sediment accumulation rate in g cm-2 yr-1

(combining the section depth interval in cm
with the sediment dry bulk density in g cm-3),
A' is the activity of 21°Pb supported by 226Ra
in pCi g-1 dry weight, and A. is the radioactive
decay constant for 21°Pb (= In 2/t1/2 where
t 1/2 = 22.3 yr, or 0.031 yr-1).

Robbins (1978) introduced two useful
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TABLE 5

CENTRAL HONOLULU WATERSHED SOILS AND STREAMS: URANlUM- AND THORIUM-SERIES RAoIONUCLlDE AND FALLOUT 137CS ACTIVITIES, I
, ,

210Pb Ex. 210Pb 226Ra Ex. 2r6Ra 238U 232Th 137CS
SAMPLE IDENTITY (PCi/g) +/- (PCi/g) +/- (PCi/g) +/- (PCi/g) +/- (PCi/g) +/- (PCi/g) +/- (PCi/g) +/-, I

~~ , I
0-10 em 0.75~ 0.104 -0.415 0.105 I.I7 0.015 0'1088 0.072 I.I5 0.071 1.41 0.024 0.178 0.010

10-20 em 0.501, 0.075 -0.655 0.076 I.I6 O.OII 0
1
121 0.061 1.04 0.060 1.32 0.015 0.316 0.009

20-30 em 0.395 0.097 -0.836 0.098 1.23 0.016 0.070 0.081 I.I6 0.079 1.30 0.019 0.164 0.010
30-40 em 0.887 0.084 -0.226 0.085 I.I I 0.012 0J242 0.064 0.871 0.063 I.IO 0.015 0.070 0.006
40-50 em 0.738 0.076 -0.387 0.077 I.I2 0.01 I Oh44 0.061 0.981 0.060 1.08 0.013 0.050 0.005
~~ I

0-10 em 0.681 0.091 -0.034 0.092 0.715 0.012 0.029 0.069 0.686 0.068 0.855 0.017 0.170 0.009
10-20 em 0.6II 0.094 -0.095 0.094 0.706 0.012 0]227 0.070 0.479 0.069 0.787 0.016 0.136 0.009
20-30 em 0.223 0.079 -0.475 0.080 0.698 0.010 01250 0.060 0.448 0.059 0.725 0.013 0.081 0.006
30-40 em 0.231 0.092 -0.497 0.093 0.728 0.013 Ofl54 0.061 0.595 0.059 0.704 0.017 0.036 0.007
40-50 em 0.284 0.081 -0.353 0.081 0.637 0.010 -0.072 0.064 0.709 0.064 0.677 0.014 0.005 0.005
~~ I

0-10 em 6.96! 0.137 6.04 0.138 0.9II 0.012 -0[162 0.072 1.07 0.071 1.87 0.017 2.67 0.030
10-20 em 3.54, 0.141 2.05 0.142 1.49 0.017 -0.323 0.094 1.81 0.093 2.22 0.022 2.19 0.032
20-30 em 0.582 0.102 - I.I I 0.104 1.69 0.017 01.452 0.081 1.24 0.079 1.84 0.023 0.173 0.010
30-40 em 0.406 0.105 - 1.45 0.107 1.85 0.019 01.574 0.089 1.28 0.087 1.93 0.026 0.037 0.007
40-50 em 0.650 0.1 14 - 1.21 0.II6 1.86 0.019 01"586 0.069 1.30 0.066 2.08 0.027 0.049 0.007
~~ : 1

0-10 em 1.54, 0.103 I.IO 0.103 0.443 0.010 -0
1
.123 0.070 0.566 0.069 0.788 0.013 0.951 0.021

10-20 em 0.12r 0.079 -0.509 0.080 0.635 0.010 -q.109 0.066 0.744 0.065 0.741 0.013 0.256 0.010
20-30 em n.d. n.d. -0.591 0.012 0.591 0.012 -q.076 0.079 0.667 0.078 0.651 0.016 0.199 O.OII
30-40 em 0.35~ 0.081 -0.267 0.082 0.619 0.010 q.166 0.067 0.453 0.066 0.661 0.015 0.048 0.006
40-50 em n.d. n.d. -0.423 0.009 0.423 0.009 0.105 0.072 0.318 0.072 0.453 0.016 0.035 0.007

Soil 92-10 ! I
0-10 em 0.90,9 0.112 0.089 0.1 13 0.819 0.015 q.093 0.084 0.727 0.083 0.827 0.017 0.289 0.013

10-20 em 0.59:5 0.107 -0.765 0.109 1.36 0.018 0.151 0.097 1.21 0.095 1.36 0.023 0.082 0.009
20-30 em 0.2~ 0.085 -1.21 0.086 1.45 0.015 0.505 0.072 0.948 0.070 1.38 0.018 0.021 0.005
30-40 em 0.67:2 0.104 -0.750 0.105 1.42 0.017 O. I31 0.064 1.27 0.062 1.37 0.020 0.005 0.005
40-50 em 0.4~1 0.085 -0.218 0.086 0.689 0.009 0.135 0.060 0.554 0.059 0.760 0.013 0.024 0.004

Soil 92-13 I
0-10 em 1.1~ 0.086 0.407 0.087 0.783 0.012 0.026 0.068 0.757 0.067 0.987 0.015 0.734 0.017

10-20 em 0.837 0.088 -0.048 0.089 0.885 0.012 0.276 0.068 0.609 0.066 1.02 0.016 0.424 0.013
20-30 em 0.257 0.087 -0.748 0.088 1.00 0.013 0.280 0.071 0.726 0.070 1.04 0.017 0.242 O.OII
30-40 em 0.044 0.085 -0.725 0.086 0.769 0.013 -@.038 0.077 0.807 0.076 0.760 0.017 0.023 0.006
40-50 em 0.488 0.092 -0.539 0.093 1.03 0.014 -0.169 0.083 1.20 0.081 1.06 0.019 0.036 0.007
50-60 em 0.385 0.091 -0.857 0.092 1.24 0.016 @.281 0.080 0.962 0.078 1.38 0.023 0.126 0.009



0.0~6
I

60-70 em 0.085 -0.810 0.086 0.856 0.014 0.238 0.076 0.618 0.075 0.870 0.019 0.036 0.007,

70-80 em 0.105 0.085 -0.306 0.085 0.411 0.010 -q.074 0.054 0.485 0.053 0.470 0.015 0.051 0.007
80-90 em 0.163 0.087 -0.272 0.088 0.435 0.010 -0.077 0.073 0.512 0.073 0.484 0.016 0.059 0.008
90-100 em 0.060 0.070 -0.357 0.071 0.417 0.008 -9.094 0.060 0.511 0.059 0.445 0.011 0.049 0.006

Soi192-14
0-10 em 4.78' 0.114 4.01 0.115 0.773 0.012 ~:~~~ 0.067 0.756 0.066 1.51 0.014 2.30 0.028

10-20 em 1.06: 0.088 -0.252 0.089 1.32 0.013 0.063 0.782 0.062 1.42 0.016 0.281 0.010
20-30 em 0.526 0.093 -0.753 0.094 1.28 0.015 q.831 0.070 0.448 0.068 1.30 0.019 n.d. n.d.
30-40 em 0.8l!3 0.093 -0.636 0.094 1.45 0.014 q.297 0.073 1.15 0.072 1.50 0.018 0.019 0.005
40-50 em 0.712 0.093 -0.553 0.094 1.27 0.014 0(39 0.077 1.23 0.076 1.40 0.021 0.Q11 0.004

Soil 93-15
0-50 em" 1.63 0.086 1.55 0.086 0.081 0.005 -0

1
.056 0.056 0.137 0.056 0.268 0.008 0.617 0.014

0-10 em 4.21, 0.134 4.14 0.134 0.074 0.006 -0
1

.175 0.069 0.249 0.069 0.369 0.008 0.902 0.021
10-20 em 1.99' 0.093 1.84 0.093 0.151 0.005 01'049 0.059 0.102 0.059 0.545 0.009 1.11 0.019
20-30 em 0.736 0.096 0.675 0.096 0.061 0.005 -0

1

.242 0.067 0.303 0.067 0.364 0.010 0.753 0.018
30-40 em 0.443 0.095 0.359 0.095 0.085 0.006 -0.093 0.068 0.178 0.067 0.196 0.009 0.355 0.014
40-50 em 0.587 0.080 0.485 0.080 0.102 0.005 -01.019 0.056 0.121 0.055 0.141 0.007 0.223 0.009

Soi193-16
-01 1390-50 em" 0.868 0.096 0.740 0.096 0.128 0.006 0.069 0.267 0.068 0.283 0.013 0.324 0.013

0-10 em 2.47 0.120 2.38 0.121 0.086 0.005 0[086 0.005 n.d. n.d. 0.452 0.008 1.19 0.023
10-20 em 0.983 0.095 0.890 0.095 0.093 0.004 -01060 0.059 0.153 0.059 0.280 0.009 0.469 0.013
20-30 em n.d.' n.d. -0.130 0.004 0.130 0.004 01034 0.055 0.096 0.055 0.121 0.007 0.095 0.006
30-40 em n.d .. n.d. -0.173 0.007 0.173 0.007 -0\188 0.070 0.361 0.069 0.202 0.013 0.042 0.007
40-50 em n.d.' n.d. -0.142 0.006 0.142 0.006 -01242 0.066 0.384 0.066 0.184 0.011 0.011 0.005

Soi193-17
OJ0890-50 em" 1.04 0.100 0.524 0.100 0.516 0.011 0.072 0.427 0.072 0.729 0.017 0.591 0.017

0-10em 3.24 0.125 2.664 0.126 0.582 0.010 -0!152 0.072 0.834 0.071 1.15 0.013 1.76 0.026
10-20 em 1.22 0.097 0.657 0.097 0.563 0.009 -0.1325 0.067 0.888 0.066 0.906 0.014 0.790 0.016
20-30 em 0.679 0.078 0.076 0.079 0.603 0.008 0.\117 0.056 0.486 0.056 0.750 0.011 0.380 0.010
30-40 em 0.303 0.091 -0.211 0.092 0.514 0.010 0?J1 0.068 0.303 0.068 0.502 0.013 0.035 0.006
40-50 em 0.078 0.083 -0.301 0.083 0.379 0.009

0'1
009 0.064 0.370 0.064 0.411 0.012 0.007 0.005

Soi193-18
0-50 em" 1.16 0.088 0.613 0.088 0.543 0.009 0.,228 0.061 0.314 0.061 0.764 0.014 0.690 0.015
0-10 em 3.45 0.106 2.496 0.107 0.956 0.011

I
0.064 0.950 0.063 1.57 0.015 1.85 0.0230·P05

10-20 em 1.85 0.106 0.903 0.107 0.946 0.013 O.pOI 0.074 0.945 0.073 1.38 0.016 1.38 0.023
20-30 em 0.445, 0.094 -0.470 0.095 0.915 0.013 -:fj 0.076 0.829 0.074 1.12 0.018 0.617 0.017
30-40 em 0.0281 0.082 -0.614 0.083 0.642 0.011 0.072 0.647 0.071 0.639 0.013 0.057 0.007
40-50 em n.d. n.d. -0.463 0.011 0.463 0.011 O. 27 0.078 0.336 0.077 0.496 0.018 n.d. n.d.

Soi193-19
0-50 em" 1.25 0.083 1.10 0.084 0.157 0.006 -0.260 0.060 0.417 0.059 0.464 0.009 0.870 0.017
0-10 em 5.24 0.132 5.05 0.132 0.188 0.007 -0.134 0.063 0.322 0.063 1.01 0.010 2.49 0.031

10-20 em 0.813 0.082 0.640 0.082
,

0.059 0.587 0.009 1.27 0.0200.172 0.006 0.025 0.059 0.148
20-30 em 0.246: 0.090 0.015

,

0.065 0.285 0.259 0.0120.090 0.230 0.007 -0.005 0.065 0.235 0.011



TABLE 5 (eontinurd)

21OPb, Ex. 210Pb 226Ra Ex. 2~6Ra 238U 232Th 13 7CS
SAMPLE IDENTITY (PCi/g) +/- (PCi/g) +/- (PCi/g) +/- (PCI/g) +/- (PCi/g) +/- (PCi/g) +/- (PCi/g) +/-

30-40 em 0.055: 0.084 -0.088
I

0.084 0.143 0.006 0.075 0.051 0.068 0.050 0.235 0.014 0.023 0.006
40-50 em 0.163 0.074 0.001 0.075 0.162 0.006 0.~09 0.057 0.053 0.056 0.170 0.009 0.065 0.006

Soil 93-20 I
0-50 em" 0.192 0.086 -0.065 0.087 0.257 0.008

-H~~
0.069 0.126 0.068 0.358 0.011 0.421 0.015

0-10 em 1.02 . 0.087 0.827 0.087 0.197 0.006 0.059 0.288 0.059 0.506 0.011 0.851 0.018
10-20 em 0.433 0.085 0.201 0.085 0.232 0.007 0.063 0.139 0.063 0.398 0.011 0.527 0.016
20-30 em 0.246 0.067 0.070 0.067 0.176 0.005 0.~23 0.050 0.053 0.049 0.263 0.008 0.311 0.010
30-40 em 0.236 0.079 0.051 0.080 0.185 0.006 -oro 0.059 0.195 0.059 0.290 0.011 0.243 0.010
40-50 em 0.146 0.084 0.008 0.084 0.138 0.006 0.104 0.032 0.017 0.031 0.197 0.010 0.129 0.009

Soil 93-21

0.[1200-50 em" 0.465 0.085 0.140 0.086 0.325 0.008 0.063 0.205 0.062 0.450 0.013 0.446 0.014
0-10 em 1.50 0.081 1.29 0.082 0.209 0.006 -0.p67 0.053 0.276 0.052 0.502 0.008 0.896 0.016

10-20 em 0.755 0.088 0.531 0.089 0.223 0.007 0.p98 0.060 0.125 0.060 0.447 0.012 0.672 0.017
20-30 em 0.562 0.072 0.313 0.072 0.249 0.006 0,1200 0.050 0.049 0.050 0.352 0.008 0.359 0.010
30-40cm 0.263 0.086 -0.136 0.087 0.399 0.010 OJ098 0.067 0.301 0.067 0.368 0.011 0.151 0.009
40-50 em 0.136 0.079 -0.221 0.080 0.357 0.008 Oj357 0.036 0.214 0.035 0.400 0.011 0.057 0.006

Stream 92-1 I

45-1,000 11m 0.948 0.082 0.840 0.082 0.111 0.005 -OJ029 0.053 0.140 0.052 0.215 0.007 0.342 0.011
<45 11m 3.42, 0.134 3.18 0.134 0.247 0.009 oir 15 0.009 n.d. n.d. 0.584 0.014 0.888 0.023
Stream 92-2 I

I
45-1,000 11m 0.293 0.061 0.021 0.062 0.272 0.005 0!174 0.041 0.098 0.041 0.309 0.007 0.120 0.005

<45 11m 5.92: 0.146 5.17 0.147 0.751 0.013 01266 0.072 0.486 0.071 1.09 0.Ql8 1.07 0.023
Stream 92-3

1.94; I
45-1,000 11m 0.118 1.34 0.119 MOl 0.013 01.375 0.081 0.226 0.080 0.792 0.020 0.478 0.018

<45 11m 4.03' 0.106 3.58 0.106 0.442 0.008 01.159 0.054 0.283 0.053 0.588 0.010 0.539 0.013
Stream 92-4
45~1,000 11m 1.3 ( 0.131 1.00 0.131 0.309 0.013

-"r
302 0.418 0.611 0.418 0.355 0.017 0.239 0.016

<45 11m 6.52, 0.205 6.15 0.205 0.370 0.013 -1.37 0.126 1.74 0.125 0.598 0.017 0.898 0.027
Stream 92-8
45-1,000 11m 0.571 0.079 0.210 0.08 0.361 0.008 q.OOI 0.059 0.360 0.058 0.374 0.010 0.212 0.009

<45 11m 1.66' 0.113 1.17 0.114 0.483 0.011 r29 0.074 0.354 0.073 0.606 0.015 0.419 0.016
Stream 92-11
45-1,000 11m 0.29:5 0.080 -0.021 0.080 0.316 0.007

=E::
0.055 0.465 0.055 0.392 0.009 0.172 0.007

<45 11m 1.72, 0.097 1.15 0.098 0.573 0.010 0.071 0.686 0.070 0.744 0.016 0.395 0.013
Stream 92-12
45-1,000 11m 0.835 0.085 0.320 0.086 0.514 0.009 0.043 0.285 0.042 0.607 0.012 0.218 0.009

<45 11m 3.43 .0.126 2.44 0.126 0.993 0.015 6.082 0.079 0.911 0.078 1.13 0.018 0.597 0.018
1

Errors based on counting statistics (± 1,,); n.d., not detected. i
"Composite sample.
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FIGURE 3. Distribution of porosity with depth for Ala Wai sediment cores. Points are medians of 4-cm-wide
sampling intervals.
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FIGURE 4. Distribution of 238U, 226Ra, and 232Th activities with depth for Ala Wai Canal sediment cores.
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F = A.I*

variations on the simple, steady-state model
for the distribution of 21 °Pb in sediments and
the determination of sedimentation rates: the
constant flux and constant activity models. In
the constant flux model, the sedimentation
rate is variable, but the delivery of excess
21°Pb remains constant; there is variable
dilution of the excess 21°Pb flux by the
bulk sediments (Robbins 1978). The time
invariant flux for the constant flux model is

phases (Figure 5) and conversion of linear
depth to mass-depth units (not shown), the
Ala Wai sediments cannot be described by a
simple model involving a constant sedimen
tation rate. Multiple episodes of sedimenta
tion rate changes are evident by slope changes
in all cores, which were fitted by model 1
linear regression analysis. Model 2 regression
analysis is preferred for these fits (Snidvongs
et al. 1995), but no significant differences

(2) between these two statistical models were
noted for those fits with r > 0.9, and the

where f* is the total integrated excess 21°Pb errors of the remaining regression fits in Fig
inventory in the sediment column (pCi cm-2). ure 5 are so large that additional statistical
The age T (yr B.P.) of a sediment horizon at a interpretation is unwarranted. The extrapo
mass-depth m (units of g cm-2) is given by lated surface excess 21°Pb activity ranges

from about 3 to 5 pCi g-l (Figure 5). These
T(m) = A,-

1
1n[1 - A.I(m)/Fr

1
(3) values are comparable with surface excess

where f(m) is the excess 21°Pb inventory 21°Pb activities from about 3 to 4 pCi g-l for
between m and the sediment surface (Smith et carbonate-rich sediments within Kane'ohe
al. 1987). This model has been successful Bay, O'ahu (C. R. Smith and G.M.M.,
in characterizing the sedimentation in many unpublished data). However, because the

___fluyjal..marine-s¥stems-~RQbbins-and--Edg--Kane~ohe-Ba:y-sediments-are-knuwn-tocon- --
ington 1975, Robbins 1978, Smith and Ellis tain a near-surface mixing zone caused by
1982, Smith et al. 1987, Edgington et al. bioturbation, the Ala Wai Canal surface
1991). excess 21°Pb activities may actually be too

The constant activity model considers the low, suggesting either some core-top loss dur
case of nonconstant 21°Pb fluxes, where there ing recovery or erosion of the near-surface
is variable sedimentation of material having sediment before coring.
constant specific activity. In terms of the Sediment age-versus-depth profiles based
"depth"-age relationship, the constant activ- on the excess 210Pb constant flux and con
ity model is equivalent to the simple model, stant activity models are presented in Figure
so that age T (yr B.P.) of a sediment horizon 6. Because the age of the canal is known and
at a mass-depth in (units of g cm-2) is given there is little possibility that the cores pene
by trated into older, pre-canal material (likely to

T(m) = A,-11n[(A _ A')/(A _ A') r 1 (4) be indurated limestone.[G:lenn and McMurtry
o 1995]), a useful upper hnut of about 64 yr can

where (A - A')o is the initial or surface ex- be assigned to the sediments (Figure 6). It is
cess 21°Pb activity (Robbins 1978). evident from Figure 6 that there is little

Figure 5 displays the depth distributions agreement between the models and that both
of excess 21°Pb activity for the three Ala Wai models predict ages older than that possible
Canal cores studied. Depths in centimeters for the canal. In the upper portion of the
areshewnselely-because-theyare-more-intu- canal sediment, the constat'lt flux model gen
itive. Strictly, "depths" in mass-depth units erally gives sedimentation rates that are equal
of g cm-2 are more accurate because of the to or faster than those generated by the
effects of sediment compaction and variable constant activity model (core M-21 being the
downcore porosity on the nuclide-specific exception). These trends reverse in the lower
activities (Figure 3) (Robbins and Edgington portions of the sediment column, with the
1975, Robbins 1978). These units were used constant flux model indicating slower rates,
in the age calculations. In spite of corrections but the uncertainties of the derived ages in
for dilution by the various marine authigenic both models are comparatively large in these
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FIGURE 5. Distribution of excess 21°Pb activity with depth for Ala Wai Canal sediment cores. Detrital-nonnalized
activities were calculated to remove dilution effects of authigenic carbonates, organic matter, and sulfur of marine
origin, assuming that most of the 210Pb activity resides in detrital clays transported from the watershed.
Sedimentation rates are derived from model I regression fits.
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areas because of the large statistical errors for
excess 21°Pb as the level of 226Ra support is
approached (Figures 5 and 6).

The range of excess 210Pb sedimentation
rates for the Ala Wai Canal sediments (from
0.2 to > 10 cm/yr, with most values from 1
to 4 cm/yr) is consistent with values typical of
estuarine and coastal embayment sedimenta
tion elsewhere (Hirschberg and Schubel 1979,
Smith and Ellis 1982, Smith et al. 1987, Sugai
1990, Sugai et al. 1994, Snidvongs et al.
1995). Furthermore, significant differences in
sedimentation rates among various steady
state models of excess 21°Pb geochronology
are not uncommon (e.g., Robbins 1978). This
widely used and often reliable dating method
would, however, yield misleading results for
the Ala Wai Canal sediments if the age of this
estuary were unknown or if no other, inde
pendent dating method was utilized.

_132Cs_Modeli!1g

Fallout 137CS, a nuclear fission product
with t1/2 = 30.1 yr, was first introduced to the
environment with the advent of nuclear
weapons testing in 1945. Considerable global
distribution of this nuclide was produced by
high-yield, aboveground thermonuclear tests
that began in 1952 and largely culminated in
a 2-yr period between 1961 and 1962 when,
before the cessation of aboveground testing
with the nuclear test-ban treaty in 1963,
about 60% of all atmospheric detonation
yields between 1945 and 1975 occurred
(Carter and Moghissi 1977). After introduc
tion into the stratosphere, 137CS moves with
other fallout debris back into the tropo
sphere, where deposition at the earth's sur
face is strongly related to local precipitation
(Ritchie and McHenry 1990). After deposi
tion, 137CS is almost irreversibly adsorbed
onto the cation exchange sites of soils (clay
minerals and clay-sized amorphous mate
rial), with low permanent uptake onto organic
matter. Fallout 137CS moves through water
sheds primarily by soil erosion and transport;
final deposition is usually from suspended
material into water bodies (Ritchie and
McHenry 1990 and references therein).

The depth distribution of 137CS activity

PACIFIC SCIENCE, Volume 49, October 1995

for the three Ala Wai Canal cores is pre
sented in Figure 7. In an ideal aquatic envi
ronment with direct fallout as the sole source
of 137CS and no postdepositional migration,
the sedimentation rate can be estimated from
the reflection of the known atmospheric
deposition record (e.g., HASL 1977) in the
137CS depth distribution. Most aquatic en
vironments, however, contain intermediate
reservoirs between the atmosphere and the
sediment, such as watershed soils and lakes,
that complicate the 137CS depositional record
by gradual release to the sedimentary pool
(Smith and Ellis 1982, Smith et al. 1987;
Snidvongs et al. 1995). Average, overall
sedimentation rates can still be estimated
from the level of first detection (corre
sponding to ca. 1952), provided that there
is no postdepositional migration from physi
cal mixing or diffusion of 137CS and assum
ing a relatively short water-column residence
time of 1 yr (Smith et al. 1987) or less.

BeGause the clay~rich lithology _of the
anoxic Ala Wai sediments is comparable with
those of sediments from other coastal areas
where 137CS is shown to be immobile (Sugai
et al. 1994, Snidvongs et al. 1995), post
depositional migration of 137CS is likely to
be negligible. Nevertheless, desorption and
diffusion of 137CS might affect the sedimenta
tion rate estimation. These mechanisms can
cause 137CS to penetrate deeper into the
sediment than the actual solid accumulation
thickness. This possibility can be assessed by
a simple one-dimensional diffusion model
where the diffusive flux of desorped 137CS
(Jcs) can be calculated from the activity
gradient in the pore solution using:

dCcs,pw
f cs = -¢J'Dcs,pw'~ (5)

where ¢J is porosity, Dcs,pw is the effective
diffusion coefficient of 137CS in porewater,
and dCcs,pw/dz is the vertical concentration
(or activity) gradient of dissolved 137CS in
porewater (Berner 1980).

Because the effective diffusion coefficients
in porewater are related to the diffusion co
efficients in free solution (Berner 1980), and
the activity of the desorped fraction is also
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FIGURE 8. Topographic contour map of the central Honolulu watershed, showing the nine segments and
corresponding rainfall stations used in the fallout 137CS mass-balance model.

related to the total activity, equation 5 can be
written as:

<p 1 dAcs
Jcs = - 02 '1 + K

cs
·Dcs.o·~ (6)

where 0 is the tortuosity, Dcs.o is the diffusion
coefficient of Cs in seawater, Kcs is the distri
bution coefficient for Cs, and dAcs/dz is the
observed vertical gradient of 137CS in the
sediment.
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The values for </J/B2 for most surface ma
rine sediments are usually not more than 0.5
(Berner 1980). The Cs diffusion coefficient in
free solution is about 2 x 10-5 cm2 sec-1 (Li
and Gregory 1974). The lowest known Kc•
in natural sediments is about 100 cm3 g-l
(Gillham et al. 1980, Santschi et al. 1983,
Nyffeler et al. 1984, Torgersen and Longmore
1984). The steepest gradient dAc./dz found in
profiles during this study is about - 0.03 pCi
g-l cm-1 for core M-21 (Figure 7). By using
these values, the maximum diffusive flux
would be about 0.09 pCi cm-2 yr-1 down
ward. This calculated maximum diffusive flux
is only about 10% of the total influx of 137Cs
to the sediment-water interface (Ic.) of 0.97
pCi cm-2 yr-1 for core M-21. Because the
most likely diffusive flux may be appreciably
less than this 0.09 pCi cm-2 yr-1, it can be
concluded that the desorption and diffusion
of 137CS cannot cause major discrepancies in
the sedimentation rate estimation.

We thus obtained average, overall sedi
mentation rates for cores G-8, M-21, and
M-3 of 2.5, > 4.2, and 2.3 cm/yr, respectively;
however, we wished to obtain more detailed
information on the sedimentation history
as well as on the erosional flux from the
watershed to the canal. To accomplish these
goals, we applied a 137CS erosion/redeposi
tion model that utilizes a nonsteady-state,
two-box model of the 137CS inventories in the
watershed and canal reservoirs (Snidvongs et
al. 1995).

The Honolulu watershed was divided into
nine segments with one rain gauge station
representing each of these segments (Figure
8, Table 6). Fallout from nuclear testing has
traditionally been measured using the activ
ity of 90Sr, a nuclear fission product with
(1/2 = 28.8 yr, as a proxy nuclide (HASL
1977). For our model, 90Sr fallout into a
segment i is assumed to observe the relation
ship:

F; = aCA(1 - e-YP;) (7)

(Robbins 1985), where F; = 90Sr fallout in
mCi km-2 month-1 (a function of space and
time); CA = atmospheric 90Sr concentration
(over a short distance, the atmosphere is
assumed to be homogeneous and CA is a
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function of time only); Pi = precipitation in
cm month-1

; y = "atmospheric wash-out"
kinetic order (nondimensional); and rx = an
arbitrary constant.

Because rxCA is a function of time but not
space, it can be estimated for a given time
if the fallout and rainfall records at two or
more stations in the same general area are
available. The monthly rxCA are calculated
by using the 90Sr fallout and rainfall re
ported for four sites in the Hawaiian Islands
by HASL (1977)-Coconut Island (O'ahu),
Lihu'e (Kaua'i), Maunalo (Maui), and Hilo
(Hawai'i)-between 1960 and 1969 (the only
period when the data from these four sites

overlapped). Subsequently, monthly F;, rxCA ,

and Pi for these four sites are substituted into
equation 7 and the best-fit y of 0.0103 is
obtained (Figure 9). This y for the Hawaiian
Islands is comparable with that of 0.02 found
for the Great Lakes region by Robbins
(1985).

After the kinetic order (y) is obtained, the
relative fallout between any two locations
can be known without knowing the rxCA . For
each segment i in the Honolulu watershed as
well as for the Ala Wai Canal (Figures 2 and
8), the calculated monthly fallout per unit
area (F;) is linked to the fallout observed
at the Hawai'i Institute of Marine Biology

Hawaii Sr-90 Fallout
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FIGURE 9. Comparison between observed 90Sr fallout at four Hawai'i stations (Coconut Island, O'ahu; Llhu'e,
Kaua'i; Maunalo, Maui; and Hilo, Hawai'i) and 90Sr fallout predicted by equation 5 for y = 0.0103 (see text for
explanation). Data from HASL (1977).
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(HIMB, formerly the Hawaiian Marine Lab
oratory) on Coconut Island, windward O'ahu
(Fc.), i.e.:

Artificial radionuclide fallout is assumed
to have occurred mainly between May 1957
and September 1974. Missing monthly fall
out data at HIMB during that period were
linearly interpolated. Fallout after September
1974, if there was any, would have been very
small in Hawai'i and is neglected in this
study. The total fallout of 90Sr into each
watershed and canal segment was obtained
by multiplying F; by the segment area (Table
6). The fallout of 137CS is converted from
90Sr using the 137CS: 90Sr fallout activity
ratio of 1.5 (e.g., Ritchie and McHenry 1990).
One further assumption of the model is that
there is no loss of 137Cs from the canal
watershed system except by radioactive de
cay, but 137CS is allowed to relocate from

F; = FCI (8)

the watershed soil to the canal sediment by
soil erosion.

The net 137CS input into the canal sedi
ments (watershed erosion plus direct atmo
spheric fallout) is modeled by two nonsteady
state mass-balance equations (Snidvongs et
al. 1995):

dM·-' = F - (k' pn + ..1.)M. (9)dt ' , ,

for the watershed segment i (in this study
i = 1 to 9), and:

dM 9
-de = F;, - ..1.Me + k· I [Pt M;] (10)

t ;;1

for the canal sediments, where P; = rainfall
in cm month-1 into segment c; M; and Me =
137CS inventories (in mCi) in watershed seg
ment i and in canal segment c, respectively;
k = empirical erosion coefficient (month
cm-2 ); n = erosion kinetic order with respect

100000

Kalihi Stream at Kalihi
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FIGURE 10. Sediment rating curve for Kalihi Stream, leeward O'ahu, based on data from 1967 to 1990. The
log-log slope of 2.0 is estimated from an eye fit of the data. Data from U.S. Geological Survey (1967-1990).
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to rainfall; and A = 137CS radioactive decay
constant (0.00192 month-1).

In this study, n was estimated based on the
discharge rate and suspended solid concen
tration measured in Ka1ihi Stream (water
shed area = 13.42 km2

), the only stream in
the vicinity of Honolulu for which long-term
data are available (U.S. Geological Survey
1967-1990). The plot between the logarithms
of stream runoff and sediment yield (Figure
10) reveals that the data could possibly be
fitted by a slope of 2. If r.unoff is correlated
linearly with rainfall (a reasonable assump
tion for small watersheds on the island
where stream flow responds to rainfall almost

PACIFIC SCIENCE, Volume 49, October 1995

instantly), there is an implication that erosion
(sediment yield) is also a square function of
rainfall (i.e., n = 2).

The total 137CS inventory in the Ala Wai
Canal sediments at the July 1991 collection
date in each of the three segments of the
canal (Figure 2)-inner (G-8), middle (M
21), and outer (M-3)-was estimated by mul
tiplying the segment area with the specific
activity per unit area obtained from each
representative core (Table 6, Figure 7). The
total 137CS inventory in the Ala Wai Canal
sediments (Me' July 1991) is calculated to
be 59.43 mCi (inventory ratio among inner:
middle: outer zones = 0.07: 0.80: 0.13).
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(pCi cm-2 mo-1) x 10

5

years before 1991

FIGURE 1 I. Time series of watershed soil and Ala Wai Canal sediment inventories predicted by the nonsteady
state two-box model for 137CS (equations 9 and 10). Also shown is the time series of 137CS deposition estimated for
the watershed from Hawai'i 90Sr fallout records.
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By solving equations 9 and 10 with this
59.43 mCi boundary value for Me' the k
value of 2.703 x 10-8 month cm-2 is ob
tained. By substituting this k into equation 9,
it is also possible to predict the soil 137CS
inventory for each watershed segment (Table
6). Figure II shows the changes with time of
the total watershed and canal 137CS inven
tories predicted by equations 9 and 10 with
the 59.43 mCi boundary value for Me. As
expected, the watershed inventory that built
up quickly in the mid-1950s to mid-1960s has
subsequently plateaued and decreased owing
to diminished fallout, radioactive decay, and
soil erosion. In contrast, the canal sediment
inventory has continued to build as it receives
137CS from the watershed soils. For this sys
tem, the time-dependent input for the fluvial
marine system is < 100 times the size of the
time-dependent input for the watershed (i.e.,
137CS sedimentation in the Ala Wai Canal
is dominated by soil erosion, and transport
through the watershed is rapid).

Measured profiles of soil 137CS and excess
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21°Pb activities for 14 watershed sites are
presented in Figure 12. Inspection of Figure
12 shows that 137CS penetrates only a short
distance into the soil; most soil profiles have
only trace amounts of 137CS below depths
of about 30 cm. Excess 21°Pb activities are
also greatest in the uppermost 20 cm of the
profile. Most soils show the effects of 222Rn
diffusion in the lower portions of the profile,
and it is unclear what proportion of the
excess 21°Pb in the upper portions is attribut
able to direct fallout versus 222Rn diffusion
and possible retention in the upper, relatively
moist, organic matter-rich zone (Table 1).

A comparison between model-predicted
and observed soil 137CS activities is shown in
Figure 13. Most of the soil activities cluster
around the 1: I line, with the prominent ex
ception of soil profile no. 16, which was taken
from the side of a relatively steep slope where
enhanced erosion may have removed the up
permost, 137Cs-enriched soil (see Figure 12a).
The agreement between measured and pre
dicted soil 137CS activities is remarkable con-
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sidering the well-known heterogeneity of is
land rainfall and the relatively small size of
the data set. This agreement indicates that
most of the 137CS eroded from the central
Honolulu watershed is collected by the canal
sediments and supports the validity of the
erosion/redeposition model.

Because no substantial bioturbation or
other sediment mixing mechanisms (e.g.,
slumps) were observed in these three cores
and considerable 137CS diffusion is unlikely
for these sediments, each individual section in
the core can be "dated" by comparing the
137CS activity in the section with the decay
corrected monthly 137CS input. For example,
if the activity in the topmost 4-cm section of
a core is x pCi cm-2, the decay-corrected
monthly input is summed from July 1991
backward month by month until x pCi cm-2

(or the nearest estimate) is obtained. This
summation gives the time interval in months
when the topmost section was deposited.
The computation is repeated for subsequent
sections.

Calculated fallout 137CS sediment age ver
sus downcore depth is shown in Figure 14.
For core G-8, the average sedimentation rate
is 2.5 cm/yr from the surface to about 80 cm
depth, with a relatively rapid rate of about 22
cm/yr between 80 and 120 cm. The more
shallow 137CS sedimentation rate is compara
ble with the average rate of 2.4 cm/yr be
tween ca. 20 and 120 cm indicated by the
constant flux excess 21°Pb model; however,
the constant flux excess 21°Pb model suggests
no rapid sedimentation rate between 80 and
120 cm and predicts a slower rate below that
depth (cf. Figures 6 and 14). Extrapolation of
the 2.5 cm/yr average rate below 120 cm
(where the practical dating limit of about 35
years B.P. for this method has been reached in
this core) yields a date of 1933 for the 200-cm
base of the G-8 core, in line with an estimated
age of about 1927 for the canal. For core
M-21, the average 137CS sedimentation rate
is ca. 10 cm/yr from the surface to about a
40-cm depth, followed by an average rate of
4.2 cm/yr from 40 cm to the base of the core
at 164 cm. Here, neither excess 21°Pb model
agrees to within a factor of 2 with the slowest
137CS sedimentation rate, although the con-

stant activity model predicts a very fast, but
undetermined rate from 0 to 40 cm followed
by a slow rate (Figure 6). Core M-3 displays
three average 137CS sedimentation rates
fast, slow, fast-of 5.2 cm/yr from 0 to ca. 20
cm, 1.8 cm/yr from 20 to ca. 65 cm, and 10
cm/yr from ca. 65 cm to the core base at 90
cm. Comparison with the excess 21°Pb model
rates again shows average values that are at
least a factor of 2 slower than those of the
137CS model. Although the constant flux ex
cess 21°Pb model generally gives faster rates
that are closer to the 137CS model rates in the
upper portions of the cores, it is interesting
that the constant activity model predicts rate
changes that are generally more in line with
the 137CS model (compare Figures 6 and 14).

It is also possible to calculate the sedimen
tation rate for each individual section from
the results in Figure 14. The results (in g
cm- 2 month-1) are plotted against time in
Figure 15. Smoothing of these individual
sedimentation rates for each core reveals two
and possibly three episodes of relatively high
sediment accumulation in the canal over
the ca. 35-yr period from 1991: 1957-1967,
1979-1982, and 1986-1991. Comparison with
the climatic data for Honolulu (compiled in
Glenn et al. 1995) shows that the 1957-1967
episode coincides with a dry period from
about 1958 to 1962, followed by a wet period
from 1962 to 1973 (with the highest rainfall
actually ending in about 1968). Although
dry, the accumulation rates of marine authi
genic phases (organic carbon and calcium
carbonate) are quite high during the 1958
1962 period, which marks the beginning of a
long-term increase in mean annual tempera
ture. The high sediment accumulation epi
sode from 1979 to 1982 that appears in the
G-8 and M-21 cores correlates with a brief
period of relatively high rainfall from 1981 to
1982 and again precedes this high rainfall
period by a few dry years when the accumula
tion rates of marine authigenic phases are
high. The high sediment accumulation epi
sode from 1986 to 1991 does not appear to
coincide with high rainfall, although the an
nual rainfall trend has increased toward 1990
from a low in 1983.

The lack of an obvious climatic control
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for the most recent high sedimentation epi
sode could invoke anthropogenic causes of
increased runoff and erosion since 1986.
Although plausible, such causes should be
viewed with caution until correlations with
known changes in urbanization activity are
found. Since 1950, Honolulu's population
has grown by 238%, with the largest growth
between 1960 and 1970 (114%); between

1980 and 1990, population growth continued
at a more modest 10% increase (U.S. Bureau
of the Census 1991). The greatest impact
upon runoff and erosion probably results
from development near the backs of the val
leys where topography is steepest and rainfall
is highest, a scenario supported by the water
shed distributions of 137CS and excess 21°Pb
(Figures 1 and 12, Table 6) and the generally
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high activities of these radionuclides in the
< 45 Ilm fraction of the stream sediments
(Table 5). Since 1986, urban development
within the central Honolulu watershed has,
however, been primarily in relatively low
relief areas of the coastal plain. Other poten
tial causes are changes in land use and pro
tective vegetation in the steeper and wetter
portions of the watershed.

The two sill dredging events, in 1966 and
1978-1979, coincide with the end and the
beginning of the 1957-1967 and 1979-1982
high sediment accumulation periods, respec
tively (Figures 2 and 15). Changes in sedi
ment accumulation by redistribution of bulk
sediment into other portions of the canal
during dredging are possible, but should be
relatively instantaneous. Longer-term changes
in the marine authigenic accumulation show
no correlation with the 1966 sill dredging,
although a case could be made for the
dredging in 1978-1979 (Glenn et al. 1995).
In addition, there is no evidence of such
instantaneous events in the core lithology
(Glenn et al. 1995) nor of large shifts in the
sediment excess 21°Pb activity profiles that
would result from sedimentation of older
material (downward for excess 21°Pb). Up
ward or downward shifts for 137CS would be
expected, depending on the age of the sedi
ment redistributed. There is evidence for a
correlation of some of the 137CS peaks in
Figure 7 with the two dredging events. How
ever, we ascribe this correlation more to
coincidence with the watershed fallout depo
sitional record, because we would not expect
to find consistently high activities associated
with redistributed sediments and there are
other observed 137CS activity peaks in the
profiles that do not correlate with the two
events (compare Figures 7 and 15). There is
also little evidence for a consistent pattern
of sedimentation in the canal before and after
the sill dredging events (Figure 15).

Implications for Watershed Erosion and
Canal Sedimentation

Using the 137CS model-based mass ac
cumulation rates, canal segment areas, and
mean dry bulk densities for the three canal
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cores (from Table 1), we estimate mean sedi
mentation rates over the period 1957-1991 of
1.l± 0.2, 5.4 ± 1.0, and 1.0 ± 0.3 x 103 m3

yr-1 for the outer, middle, and inner Ala Wai
Canal segments, respectively (Figure 2, Table
6). Based on changes in bathymetry during
the 40 months following the canal dredging
in 1966, Gonzalez (1971) estimated a mean
sedimentation rate for the canal of 7 x 103

m3 yr-1. More recently, Laws et al. (1993)
estimated a similar mean sedimentation rate
for the canal of 8 x 103 m3 yr-1 based
on bathymetry changes since the 1978-1979
dredging and surveys conducted in 1991. Our
estimate of 5.4 ± 1.0 x 103 m3 yr-1 for the
middle canal segment is comparable with but
slightly lower than the Gonzalez and Laws
et al. estimates based on changes in the
sill depth between the Manoa-Palolo Stream
drainage canal and the McCully Street bridge
(Figure 2), where canal sedimentation is
greatest (Gonzalez 1971).

For each canal segment, we calculate mean
bulk sediment accumulation rates of 619,
2156, and 323 metric tons yr-1 for the outer,
middle, and inner canal segments, respec
tively. Using the detrital fractions for each
core, the mean detrital sediment accumula
tion rates are 514, 1848, and 264 metric
tons yr-l, respectively. The total mean bulk
sediment accumulation rate for the canal is
3098 tons yr-1, with 2626 tons yr-1 accumu
lation of detrital phases and 472 tons yr-1

accumulation of authigenic marine phases.
The sediment yield for the central Honolulu
watershed is 61.2 tons km- 2 yr-1, based on
the detrital sediment accumulation rates and
assuming no sediment loss from the canal.
The detrital sediment accumulation in the
Ala Wai Canal is 13,900 tons km-2 yr-1,
yielding a watershed-to-canal focusing factor
of about 230. The sediment yield value can be
translated into a physical denudation rate of
5.55 mg cm-2 yr-1 for the central Honolulu
watershed, which is at the low end of the
range of physical denudation rate estimates
for O'ahu of 6-30 mg cm-2 yr-1 (Li 1988).
Typically, chemical denudation is 50% of the
total denudation rate in relatively low runoff
areas in Hawai'i and about 30% of the total
rate in relatively high runoff areas (Li 1988).
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Therefore, the total denudation rate for the
relatively dry, leeward-facing central Hono
lulu watershed is probably about 12 mg cm-2

yr-1, as compared with a total estimate based
on Ca leaching rates for the relatively wet,
windward-facing Kane'ohe Bay watershed of
34 mg cm-2 yr-1 (Moberly 1963).

Estuaries are ephemeral features whose
geological lifetimes are comparatively short
(Kennett 1982). Using an average canal water
depth of 2 m estimated by Gonzalez in 1971
as a reasonable maximum depth for the canal
in 1991, after the 1978-1979 dredging and
reestablishment of the sill, we have estimated
the times required to fill the canal at the mean
sedimentation rates for the 1957-1991 pe
riod. These are 74, 41, and 72 yr for the outer,
middle, and inner canal segments, respec
tively. The average time to fill the entire canal
is 62 yr, assuming that little sediment escapes
the canal. Clearly, continued maintenance
of the Ala Wai Canal will require periodic
dredging, not only to improve circulation
and water quality, but also to keep the area
from returning to its former wetlands state.

Implicationsfor Excess 210Pb Flux

With all sections in the three cores dated,
the excess 210Pb flux into the canal sediments
at the time when each section was deposited
can be estimated. Our 137CS model-predicted
flux of excess 21°Pb into each canal segment
during the past ca. 35 yr from July 1991 is
shown in Figure 15. The flux is clearly not
constant over time and generally follows the
sedimentation rate, indicating that soil ero
sion is probably the major source of excess
210Pb for the Ala Wai Canal sediments.
However, when the two variables are plotted
against each other (Figure 16), more than
50% of the data deviate from a linear rela
tionship (i.e., the log-log slope of 1) toward
higher excess 210Pb fluxes, which suggests
that there may be some other pathway(s) of
excess 210Pb input superimposed upon soil
erosion.

There are three possible sources for the
atmospheric deposition of excess 21°Pb in the
Hawaiian Islands: 222Rn degassing of island
soils and rocks, air transported to Hawai'i

from continental areas, and gas emissions
from active volcanism on the island of
Hawai'i. Maritime air is not considered an
important source of parental 222Rn emission
(Turekian et at. 1977). Of these three possible
sources, continental air (Larson 1974) and
volcanic emissions are considered more im
portant sources of excess 210Pb input to the
Hawaiian Islands.

A case can be made for atmospheric depo
sition of excess 21°Pb from volcanic emis
sions during active Hawaiian volcanism.
Figure 17 shows episodes of intense fire
fountaining of Kilauea Volcano along with
the temporal variations of the excess 21°Pb
flux. There appear to be 3- to 5-yr time lags
between these episodes and peaks in the ex
cess 210Pb flux. These time lags agree with
estimates of 3- to 5-yr mean transit times
based on watershed models of 137CS, 21°Pb,
and Pu isotopes (Smith et at. 1987). The
association of increased ground radon con
centrations with Kilauea eruptive and seismic
activity (Cox et at. 1980, Thomas et al.
1986) and increased radon emission from hot
springs and fumaroles with volcanism else
where (Chirkov 1975, Hauksson 1981a) sug
gest a mechanism of enhanced 222Rn flushing
through pore fluids by magmatic tempera
ture and pressure (Gasparini and Mantovani
1978), fissure closing (Hauksson 1981a), and
slow crack growth in rock associated with
stress corrosion (Hauksson 1981b). Direct
magmatic degassing may also be important,
especially in the early, intense fire-fountain
ing stages, but little eruptive-plume 222Rn
data exist, especially for Hawaiian volcanoes.
Larson (1974) found no enhanced 222Rn con
centrations in air samples collected in the
plume of Kilauea Volcano during 1 day of
the Mauna Ulu eruption in 1972, but few
samples (three) were collected, and temporal
variability in volcanic 222Rn emission was
not addressed.

Larson (1974) and, more recently, Hutter
et at. (1994) reported elevated 222Rn concen
trations in air masses over the Hawaiian
Islands that appear to originate from cOliti
nental areas. Continuous measurements of
atmospheric 222Rn for the past 2 yr at the
Mauna Loa Observatory on the island of
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Hawai'i reveal that springtime maximum
values (> 100 times fall values) are associated
with distal transport in the lower troposphere
from the Asian continent (Hutter et al. 1994).
Therefore, variations in the deposition of
excess 21°Pb may correspond with periods of
more frequent or more rapid transport of
222Rn-laden air from Asia, especially if coin
cident with excessive precipitation.

The variation in the excess 21°Pb flux into
the canal sediments could be related to the
mechanism of soil erosion. This relation is
suggested by a comparison of the excess
21°Pb inventories for cores G-8, M-21, and
M-3 of28, 82, and 41 pCi cm-2, respectively,
with the 137CS inventories for these cores
listed in Table 6. The relative proportions of
the inventories for both nuclides are nearly
identical. Figure 12b shows that the soil
activities of excess 210Pb are greatest in the
shallowest portions of the profile, and that
excess 21°Pb activities, like those of 137CS
(Figure 12a), are greatest in soils from wet
watershed locations near the back of the
valleys (Figure 1). The latter enrichment is
primarily a function of rainfall, but for excess
210Pb, this enrichment is also a result of
decreased 222Rn degassing in more perenni
ally water-saturated soils. If rainfall patterns
within the watershed vary broadly over time
so that during more intense rainfall periods
increased erosion and transport of excess
21°Pb_rich top soils from the back of the
valleys occur, then perhaps the temporal
variation in excess 21°Pb flux is simply re
flecting a watershed process.

CONCLUSIONS

Despite derived sedimentation rates for the
Ala Wai Canal sediments that are reasonable
when compared with those of other estuarine
and coastal sites, both the constant flux or
constant activity models of excess 21°Pb geo
chronology are inconsistent with the known
age of the Ala Wai Canal. Geochronology
based on a 137CS erosion/redeposition model
yields sedimentation rates for the canal that
generally exceed those based upon excess
21°Pb by more than a factor of two and are in
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agreement with the known age of the canal
and with sedimentation rate estimates based
upon bathymetry changes.

The Ala Wai Canal collects bulk sediment
at a mean rate of about 3100 tons annually.
About 80% of the sediment is detrital clays
from erosion of the central Honolulu water
shed, whereas about 20% of the sediment
is composed of marine authigenic and biog
enous phases (carbonates, organic matter,
sulfides, and siliceous tests). The sediment
yield for the central Honolulu watershed of
about 60 metric tons km-2 yr-1 equates to a
physical denudation rate of ca. 6 mg cm-2

yr-1, which is at the low end of the range of
physical denudation rate estimates for the
island ofO'ahu; however, watershed-to-canal
sediment focusing is high. Based on the mean
137CS sedimentation rates and an average
canal water depth of 2 m, the average time
to completely fill the canal is about 60 yr,
assuming that little sediment escapes. The
mean fill time is only about 40 yr for the
middle canal segment, which receives most of
the sill development from the Manoa-Palolo
Stream drainage canal, whereas for the outer
and inner canal sediments, the mean fill times
are about 70 yr. Periodic dredging of the
canal, especially of the middle segment, is
clearly indicated.

Fallout 137Cs-derived sedimentation rates
for each canal core reveal two and possibly
three episodes of relatively high sediment
accumulation in the canal over the ca. 35-yr
period before 1991: 1957-1967, 1979-1982,
and 1986-1991. The two earlier episodes ap
pear to coincide with periods of high rainfall,
but are generally preceded by dry periods
where accumulation of marine authigenic
phases are high. The most recent high sedi
ment accumulation episode does not appear
to correlate with high rainfall, although the
annual rainfall trend has increased toward
1990 from a low in 1983. There is little
evidence for impacts upon sediment accumu
lation in canal areas not directly affected by
the sill dredging in 1966 and 1978-1979 or
for a consistent pattern of sedimentation in
the canal before and after the sill dredging.

For the Ala Wai Canal, the flux of excess
21°Pb follows the sedimentation rate and is
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clearly not constant with time. Moreover,
from the relationship between the excess
21°Pb flux and sediment accumulation, the
specific activity of the sediment arriving in
the canal also is not constant with time.
Perhaps a nonsteady-state model could be
developed for excess 21°Pb similar to that
used for fallout 137CS, but such a model
would also have to account for nonconstant
specific activity of the eroding and depositing
sediments. Of the possible reasons for higher
excess 210Pb fluxes than those expected from
a linear relationship, nonsteady-state atmo
spheric input to the Hawaiian Islands from
222Rn-rich air masses that originate in Asia
currently appears more plausible than 222Rn
emissions from Hawaiian volcanism. Both
of these potential sources should be further
evaluated with more data. Variations of the
excess 21°Pb flux into the canal sediments
may, however, simply be related to a not-so
simple mechanism of soil erosion.
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