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S O U T H E R N  C A L I F O R N I A  M A R I N E  T E R R A C E  D E P O S I T S  

Daniel  R. Muhs,  John N. Rosholt  and Charles A. Bush 
U.S. Geological Survey, MS 424, Box 25046, Denver Federal Center, Denver, CO 80225, U.S.A. 

. L  

Uranium-trend dating is an open-system method for age estimation of Quaternary sediments, using disequilibrium in the 23~U- 
2"~U-Z'~l'h decay series. The technique has been applied to alluvium, colluvium, loess, till, and marine sediments, in this study 
we tested the U-trend dating method on calcareous marine terrace deposits from the Palos Verdes Hills and San Nicolas Island, 
California. Independent age estimates indicate that terraces in these areas range from - 8 0  ka to greater than 1.0 Ma. Two low 
terraces on San Nicolas Island yielded U-trend plots that have a clustered array of points and the ages of these deposits are 
indeterminate or highly suspect. Middle Pleistocene terraces and one early Pleistocene terrace on San Nicolas Island and all 
terraces on the Palos Verdes Hills gave reasonably linear U-trend plots and estimated ages that are stratigraphically consistent 
and in agreement with independent age estimates. We conclude that many marine terrace deposits are suitable for U-trend 
dating, but U-trend plots must be carefully evaluated and U-trend ages should be consistent with independent geologic control. 

INTRODUCTION 

Marine terraces are coastal landforms consisting of 
shore platforms covered by a veneer of marine sedi- 
ments, commonly sands and gravels of variable thick- 
ness. Many marine terrace deposits are fossiliferous, 
and isotopic or chemical analyses of fossil marine 
molluscs and corals often allow relative or numerical 
age estimates to be made. Marine terraces are import- 
ant landforms in that they are normally formed during 
eustatic high stands of sea; thus, they formed during 
interglacial or interstadial periods of the Quaternary. 
Where these landforms are found on tectonically 
active, emergent coastlines such as the Pacific coast of 
North America, they form flights of terraces that 
represent successive sea-level high stands superim- 
posed on a tectonicaily-rising coastline. 

On the California coast, marine terraces have been 
the subjects of intensive study over the past decade (see 
summaries by Lajoie, 1986 and Muhs, 1987). Marine 
terraces have been investigated for sea-level history 
and coastal tectonics (Birkeland, 1972; Bradley and 
Griggs, 1976; Wehmiller et al., 1977; Kern, 1977; 
Lajoie et al., 1979; Woods, 1980; McLaughlin et al., 
1983; Muhs, 1983a, 1985), for paleontology and paleo- 
ceanography (Kennedy, 1978; Kennedy et al., 1982; 
Muhs and Kyser, 1987), and as frameworks for the 
study of coastal landform modification and soil chrono- 
sequences (Muhs, 1982; Hanks et al., 1984; Crittenden 
and Muhs, 1986; Harden et al., 1986). 

Accurate age determinations of marine terraces are 
critical to all of the studies cited above. The most 
reliable method is 2~Th/234U closed-system dating of 
fossil corals, and a number of such age estimates have 
been generated by this method in recent yeats for 
ten'ace deposits in California and Baja California (Ku 
and Kern, 1974; Omura et al., 1979; Muhs and Szabo, 
1982; Muhs et al., 1987; Rockwell et aL, 1987; Ashby et 
al., 1987). Uranium-series dating of fossil molluscs and 

sea urchins has not been successful because these 
materials do not form closed systems with respect to 
23SU and its daughter products (Kaufman et al., 1971; 
Szabo and Vedder, 1971; Muhs and Kennedy, 1985). 
Amino acid racemization techniques on molluscs have 
been important in relative age determinations, and can 
discriminate older marine fossils from younger fossils, 
but racemization kinetics are not well enough under- 
stood at present to allow numerical estimates (Weh- 
miller et al., 1977; Wehmiller and Belknap, 1978; 
Kennedy et al., 1982; Muhs, 1985). 

Despite the recent successes of dating California 
marine terraces by the 23°Th/2~U method on fossil 
corals, two problems still remain: (1) corals are not 
found in all terrace deposits; and (2) 23°TtV234U dating 
of corals has a range of about 5 ka to 350 ka. Thus, 
terraces in many areas cannot be dated by this method. 
These limitations preclude the generation of important 
data, such as long-term Quaternary uplift rates. What is 
needed in many studies of marine terraces is a dating 
method that allows age determinations of terrace 
deposits that lack fossil corals or that are beyond the 
range of 23°TIV234U dating. In this study, we test the 
applicability of the uranium-trend dating method to 
southern California marine terrace deposits. We first 
review the principles and other aspects of the uranium- 
trend method (summarized from Rosholt, 1985 and 
Rosholt et al., 1985a) and then test and evaluate its 
utility for dating terrace deposits on the Palos Verdes 
Hills and San Nicolas Island, California. 

HISTORY OF URANIUM-TREND DATING 

An important dating method in Quaternary geology 
is the 23°Th/e~u technique, which has been applied 
mainly to marine and near-surface continental carbon- 
ates. A prerequisite for successful application of this 
technique is that materials to be analyzed have been 
closed systems in a geochemical sense. However, most 
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20 D.R. Muhs et al. 

Quaternary sediments and soils are characterized by 
open-system behavior with regard to 2:3SU and its long- 
lived daughter products, 234U and 23°Th (Rosholt et al . ,  
1966). Studies of these nuclides in sediments and soils 
have also shown time-related patterns of isotope 
fractionation (Rosholt et  al . ,  1966) that provide the 
basis for a new, open-system method called uranium- 
trend dating. A preliminary model for uranium-trend 
dating was described by Rosholt (1980) and Szabo and 
Rosholt (1982) who analyzed samples from a variety of 
Quaternary deposits including alluvium, eolian sedi- 
ments, glacial deposits, and zeolitized volcanic ash. A 
revised model for uranium-trend systematics was given 
by Rosholt (1985a). The empirical model requires time 
calibration based on analyses of deposits of known age; 
results of these calibrations are included in Rosholt et 
al. (1985a). The technique has been applied by Rosholt 
and Szabo (1982) to dating marine deposits on the U.S. 
Atlantic coastal plain where estimated U-trend ages of 
bulk marine sediments agreed well with conventional 
23°Th/234U ages of corals from the same sediments. U- 
trend age estimates of tills are in agreement with the 
relative ages and degree of soil development in these 
tills (Shroba et al . ,  1983; Roshoit et al . ,  1985a). U-trend 
dating has been applied extensively for development of 
chronologies of Quaternary alluviation in arid regions 
of Nevada, Utah, and Arizona. Rosholt et ai. (1985b, 
1988) dated Quaternary alluvium in the Nevada Test 
Site area. The estimated ages for this alluvium agree 
well with local stratigraphic control, degree of soil 
development, and independent numerical age control. 
In Utah, Colman et al. (1986) reported estimated ages 
of basin-fill sediments by U-trend that are in reasonable 
agreement with ages estimated by other methods. 
Rosholt et al. (1986) and Machette et al. (1986) 
reported U-trend age estimates for terrace alluvium 
along the Colorado River in Grand Canyon National 
Park, Arizona. These ages are in agreement with the 
depositional sequence of the terraces, and suggest a 
history of periodic downcutting and deposition in the 
lower part of the canyon during the Quaternary. 

PRINCIPLES OF URANIUM-TREND DATING 

In order to satisfy the requirements for uranium- 
trend dating, the distribution of uranium-series mem- 
bers in the geochemical environment during and after 
sedimentation must have been controlled by open- 
system behavior. Sediments and soils interact with 
materials carried in water that moves through these 
deposits. This water usually contains at least small 
amounts of dissolved uranium and, as this uranium 
decays, it produces a trail of radioactive daughter 
products that are readily adsorbed on solid matrix 
material. If the trail of daughter products, Z34U and 
Z3°Th, is distributed through the deposits in a predict- 
able pattern, then a model for uranium-trend dating 
can be developed. The large number of geochemical 
variables in an open system precludes the definition of 
a rigorous mathematical model for uranium migration. 

Instead, an empirical model is used to define the 
parameters that can reasonably explain the patterns of 
isotopic distribution. This model requires independent 
time calibration provided by deposits of known-age and 
careful evaluation of the stratigraphic relationships of 
the deposits to be dated (Rosholt et  al . ,  1985a). 

In the geologic environment, uranium occurs chiefly 
in two different forms: (1) as a resistate or fixed form 
(solids are the dominant component) in which uranium 
is structurally incorporated in matrix minerals; and (2) 
as a mobile form (water is the dominant component) 
which includes the uranium flux that migrates through a 
deposit. In the 238U-234U-23°Th series, mobile uranium 
is responsible for the disequilibrium processes which 
are the basis for the uranium-trend dating technique. 
A fractionation process is the preferential leaching 
of 234U from the fixed form. As a deposit undergoes 
interstrata! or Fpedogenic alteration, some uranium 
isotopes are released and become mobile; this process 
results in another form of isotope fractionation caused 
by alpha-recoil effects. 

Determinations of the abundances of 23Su, 234U, 
23°Th, and 232Th in a single sample do not establish a 
meaningful time-related pattern of distribution of these 
isotopes in an open-system environment. However, 
analyses of several samples, each of which has slightly 
different physical properties and slightly different 
chemical composition, may provide a useful pattern for 
determining the distribution of these isotopes (Rosholt 
et al . ,  1985a). Analyses of 5 to 8 samples per deposit, 
from numerous alluvial, colluvial, glacial, and eolian 
deposits have shown that such time-related patterns 
exist. 

EMPIRICAL MODEL 

T h e o r y  
The very long-lived 23SU isotope (half-life of 4.468 × 

109 years), upon radioactive decay, produces long-lived 
daughter products, 234U and 23°Th (Ivanovich, 1982). 
The half-life of 234U is 248,000 years (Ivanovich, 1982). 
This isotope has a potential for use as a geochemical 
tracer extending over the last 900,000 years. The half- 
life of 23°Th is 75,200 years (Ivanovich, 1982), Because 
of its daughter-parent relation to 234U, it is a key 
isotope used in nearly all uranium-series dating models 
(Ku, 1976). 

For surficial deposits, the starting time for the 
uranium-trend clock is the initiation of water move- 
ment through the sediment rather than initiation of soil 
development, although both of these processes may 
start at essentially the same time. The uranium, 
thorium, and radioactive equilibrium systematics in the 
parent material are disturbed during transport, and 
new, readjusted systematics are established in the 
sediment at the time of deposition. One of the 
assumptions required by the model is that sufficient 
mixing occurred during transport and deposition of the 
sediment such that it has nearly the same original 234U/ 
23SU ratio in each sample of the deposit selected for 
dating. 
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The empirical model incorporates a key component 
referred to as uranium flux, F(0). The actual physical 
significance of F(0) is not well understood. It is related 
to the flux or movement of mobile-phase uranium 
through a deposit; theoretically, the effect of this flux 
on isotopic variations sllould decrease exponentially 
with time. An oversimplified example of the flux in 
alluvium would be the initial large volume of water that 
accompanies deposition followed by smaller volumes of 
water during compaction of the sediments and subse- 
quent soil development. The quantity of water migrat- 
ing through a deposit, its flow rate, and the concentra- 
tion of uranium in this water are components of the 
flux; the magnitude of the flux is a function of the 
concentration of uranium in the mobile phase relative 
to the concentration of uranium in the fixed phase. 

The isotopic composition (expressed in activity units) 
of several samples from the same depositional unit is 
required for solution of the model. The value from 
which ages are calculated is the slope of the line 
representing the variation from radioactive equilibrium 
between the following parents and daughters: 

A(234 U - -  238U) 
A(234 U --  23OTh ) " (l) 

A related slope is 

A(234 U -- 23Su) 

A(238U - 23°Th) " (2) 

The two forms of slope are dependent because 

A(234 U -- 23Su) = 

A(238 U -- 23OTh ) 

A(234 U -- 238U) 
A[(234 U -- 230Th ) _ (234 U _ 238U) ] 

(3) 

and this form is used for a computer solution of the age 
(Rosholt, 1985). The terms A(23SU - 2~Th) and 
A(234U - 23°Th) are used rather than A(23°Th - 238U) 
and A(23°Th - 2~U) to comply with the convention 
used by geochronologists where the slope of an 
isochron increases with age. A diagram (Fig. 1) shows 
the hypothetical development of a U-trend slope for a 
three-sample profile. Changes in isotopic composition 
with time should ideally follow a complex radioactive 
growth and decay curve; the U-trend slope for the three 
samples is represented by the tangent t 9 this curve. 

Isotopic measurements are expressed as ratios of 
234U/23Su and 23°Th/23Su; the isotopic variations in the 
model are normalized to 23Su and written in the form of 
the following equation (Rosholt, 1985): 

I," = a ( 2 3 ' u  - 23su)/z3su = 

X A(234U - 23°Th)/238U (4 )  

CI e - a ' t  + C2e -a2t 

C3 e -  a,~ + C4e-  a2t + C5 e -  a~ 

where 

C! = - A ° A 2  ; C2 = A2A2 
A 2 - / t o  A 2 - A o  

C3 = 3'~oAz;t~ ; 
(a2 - ao) (a3 - ao) 

- A z ;  

C4 = 3A2A2A3 + 2A= ; 
(ao - a2) (a3 - a2) 

C5 = 3,~2A:A~ - A3 ; 
(ao - a3) - a3) 

and where Ao is the decay constant of F(0) = In 2/[half 
period of F(0)]; A2 is the decay constant of 234U; A3 is the 
decay constant of 230Th; and t is the time since 
deposition of the sediment. These are empirical equ- 
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ations which were determined by computer synthesis to 
provide a model with the U-trend ages that have the 
closest agreement with independently-dated deposits 
(Rosholt et al. ,  1985a). To simplify calculations, we 
have modified Eq. 2 slightly as follows: 

Y _ A(234U --  238U)/238 U 

' X -  Y A(238U -- 23°Th)/238U 
(5) 

and this equation is used for computer solution of the 
age. Examples of well-expressed linear-trend plots are 
shown in Fig. 2. 

An additional parameter, taken from the slope 
graphics of the plot, is the intercept, x~ on the X-axis, of 
the line represented by 

y = m x  + b (6) 

xi = - b/m (7) 

where m is the measured slope of the line, b is the 
intercept on the Y-axis, and x~ is the intercept on the X- 
axis. The value of x~ is used to obtain time calibration 
for the uranium-trend model (discussed below). 

A different plot of the isotopic data can be construct- 
ed when the Z3SU/232Th ratios of the samples are plotted 
on the X-axis versus the 23()Th/ZJ2Th ratios plotted on 
the Y-axis. This thorium-index plot is used to deter- 
mine whether all the samples included in the uranium- 
trend line describe a reasonably linear array with 
respect to thorium. Samples representing different 
depositional units commonly have different initial U/Th 
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FIG. 2. Examples of uranium-trend plots that show good linearity 
a n d  yield U-trend ages that are in agreement with independent a g e  

control. Example is from Fig. 11.3 of Rosholt et al. (1988). 

ratios; therefore, this plot sometimes serves as a useful 
check to determine if all samples are from the same 
depositional unit. 

Calibration 
The value A0 is the decay constant for F(0). It is 

strictly an empirical value that allowed selection of the 
proper coefficients (Ci, C;,, C3, C~, C~) for the 
exponential terms in Eq. 4. For deposits of unknown 
age, a method is required to determine the proper A0 
value to be used in Eq. 4; this is done with a calibration 
curve that is based on values of A0 determined for 
deposits of known age. For deposits of known age, the 
quantity xi (Eq. 7) is plotted against the half period of 
F(0) on a log-log plot as shown in Fig. 3. The 
calibration curve was determined by selecting the 
proper A0 value that yielded the correct age for 
independently-dated calibration deposits using the 
model equation. The xi values of known-age deposits 
are used for calibration (Fig. 3) and these values are 
plotted against the half periods of F(0) equivalent to 
their A0 values; half periods are plotted instead of A0's 
because of their numerical convenience. For deposits 
whose analyses are included in this report, F(0) is 
determined from Fig. 3 using the xi value measured on 
the uranium-trend plot of the data for each depositionai 
unit. The decay pattern for deposits in different 
environments varies with different F(0) values. 

Four primary calibration points based on different 
radiometric dating techniques were used to develop the 
calibration curve in Fig. 3. These calibration points 
include: (1) the radiocarbon ages of about 12 ka for 
Peoria loess in Minnesota (Frye, 1973); (2) the obsidian 
hydration age (calibrated by K-Ar ages) of 150 + 15 ka 
(Rosholt, 1985), for glacial deposits of Bull Lake age in 
southwestern Montana and northwestern Wyoming 
(Pierce, 1979); (3) the K-At  age of 0.61 + 0.01 Ma for 
the Lava Creek B ash for the age of the zeolitized ash in 
Tuff A at Lake Tecopa, California (J. D. Obradovich, 
pets .  c o m m u n . ,  1987); and (4) the K-At age of 0.74 + 
0.01 Ma for the Bishop ash for the age of Tuff B at 
Lake Tecopa (Hurford and Hammerschmidt, 1985). In 
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addition, a number of other radiometric ages were also 
used as secondary calibration points (Roshoit et al., 
1985a). 

PROBLEMS AND LIMITATIONS 

Because uranium-trend dating is applied to bulk 
samples of sediment or soil material, the measured 
isotopic abundances reflect the influence of a complex 
assemblage of mineral and organic components. The 
numerous geochemical variables which preclude the 
development of a rigorous mathematical model to 
describe the isotopic evolution of such a system also 
make U-trend dating of some deposits unfeasible. We 
have already mentioned that one of the prerequisites 
for successful application of the U-trend dating method 
is sufficient mixing of sediment during transport and 
deposition such that 234U/238U ratios of recently depos- 
ited sediments are similar with depth. In addition, we 
have identified a number of geochemical and geologic 
conditions that can develop subsequent to deposition 
that can sometimes make application of the U-trend 
method unfeasible. These conditions are based on 
observations made in previous studies (Rosholt, 1985; 
Rosholt et al., 1966, 1985a, b). They can usually be 
easily identified after U-trend analyses are completed 
because they are indicated by data points that depart 
significantly from linearity on either the U-trend or 
thorium-index plots. Examples of well-defined U-trend 
plots are shown in Figs 1A and lB. Figure 4 illustrates a 

variety of non-linear plots that result from the following 
conditions: 

(1) Mechanical mixing of deposits of different age 
(Fig. 4a). Mixing after deposition can result from 
physical and/or biotic processes. 

(2) Fixed-phase (solids dominant) U concentrations 
that are significantly 'greater than mobile-phase (water 
dominant) U concentrations (Figs 4b, c). 

(3) Recent interaction of the deposit with waters of 
high U concentration after a long period of interaction 
with waters of low U concentration (Fig. 4d). 

(4) Deposits to be dated are deeply buried by 
younger deposits of low permeability; thus, the older 
deposits are likely to experience little or no interaction 
with migrating U-bearing water (Figs 4b, c). 

(5) Deposit or soil material behaves more like a 
closed than an open system because of geochemical or 
pedogenic precipitates, such as secondary calcium 
carbonate (Fig. 4e). 

(6) Deposits have a low surface area/mass ratio and 
thus have little adsorptive capacity for -'38U daughter 
products, as is the case with well-sorted sand (Fig. 4b). 

(7) Deposit has uniform mineralogy resulting in 
similar U-Th isotopic abundances throughout the 
deposit (Fig. 4b). 

(8) Actual age of deposit is less than 5 ka (Figs 4b or 
c) or greater than 700 ka (Fig. 4f). 

In addition, a complex geologic history can result in 
an inaccurate U-trend age even when a U-trend plot 
shows reasonable linearity. For example, the lower part 
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of a deposit to be dated might experience little or no 
interaction with U-bearing water (as described above) 
during its history. At some later time, however, the 
upper part of the deposit is removed by erosion and the 
lower part begins to experience interaction with U- 
bearing water. The U-trend age will reflect the time of 
sediment/water interaction, not the original time of 
sediment deposition. This is a condition that can be 
assessed only by geologic evidence and/or independent 
age control, because the deposit may yield well-defined 
Th-index and U-trend plots. If independent age control 
exists, the apparent U-trend age may indicate the time 
of exhumation of the deposit. 

Unless the physical, chemical, and mineralogical 
properties of a deposit or soil to be dated are 
adequately characterized, it is often not possible to 
predict, in advance, if some of the above conditions 
apply, particularly conditions 1, 2, 3, 7, and 8. Thus, in 
most cases, the main criterion for assessing the suitabil- 
ity of a deposit or soil material for U-trend dating is the 
deposit's U-trend plot or its Th-index plot. Because of 
the potentially unfavorable conditions that may exist, 
great care needs to be taken in evaluating and sampling 
the deposit before laboratory analyses are undertaken. 

In summary, we suggest the following guidelines for 
evaluating the reliability of a calculated U-trend age: 

(I) The U-trend plot should show good linearity. 
(2) The U-trend plot should show reasonable 'exten- 

sion', i.e., a sufficient range, greater than 10% of 
sample isotopic variation, that is indicative of genuine 
isotopic variability in the analyzed deposit or soil 
material. 

(3) The Th-index plot should show good linearity. 
(4) The calculated U-trend age should be consistent 

with the deposit's stratigraphic relationships and any 
independent age determinations. 

Limitations for the precision of the U-trend dating 
method result from analytical procedures. A brief 
description of these procedures is as follows, and 
readers are referred to Rosholt (1984, 1985) for details. 
The bulk sediment or soil samples are passed through a 
2 mm sieve and the less-than-2 mm fraction is decom- 
posed with a mixture of concentrated HF, HNO3 and 
HCIO4 after the addition of a combined spike of 236U 
and 229"I'h. The residue is dissolved in HCI and U and 
Th are separated by ion exchange methods. Further 
purification of U and Th is done by a combination of 
solvent-extraction, ion-exchange and coprecipitation 
methods. The purified U and Th separates are plated 
on platinum or stainless steel discs (Rosholt, 1985). 
Uranium and thorium separates are measured individ- 
ually in high-resolution alpha spectrometers and a 
large-capacity multichannel analyzer with multiple 
input capability. Partially depleted silicon surface 
barrier detectors are used in the spectrometers. Norm- 
ally, a minimum of 10,000 counts in the integrated 
portion of each alpha-energy peak is accumulated for 
each measurement. For defining linear trends, good 
counting statistics are required and a uranium sample is 
usually counted (to 10,000 counts each) in four 

different detectors and the resultant values are averaged. 
A thorium sample is usually counted three separate 
times and the resultant values are averaged. Because of 
the specific spikes used, the alpha peaks do not requite 
correction for ingrowth of daughter products. It was 
not necessary to correct the alpha peaks for back- 
ground contribution because of the relatively high 
count rates obtained. The 238U/236U activity ratio is 
used to determine the uranium concentration by 
radioisotope dilution using a 236U spike calibrated with 
a standard uraninite solution (Rosholt, 1984). The 
232Th/229Th activity ratio is used to determine thorium 
concentration. The 23°Th/229Th activity ratio is used to 
determine 23trl'h content by radioisotope dilution with a 
229"I'h spike calibrated with a standard HarweU uranin- 
ite solution (lvanovich et al., 1984). The concentrations 
of 23SU and 23°Th in the standard uraninite solution are 
calibrated with NBS 950 standard uranium. Activity 
ratios of 234U/238U and 23{}Th/232Th are measured 
directly from the spectra; activity ratios of 23°Th/238U 
and 23SU/232Th and activity ratios used for U-trend 
plots are calculated from data obtained in both the U 
and Th spectra where 

23°Th _ /zg equiv. 23(ITh 
238U /zg 238U 

238 U 230Th/232Th 

(6) 

232Th 23OTh/238 U " (7) 

Uranium isotopic ratios determined by four separate 
measurements (10,000 counts each), each counted with 
a different detector, indicate that the standard devia- 
tions in each of the isotopic ratios exceed the value of 
the errors calculated from counting statistics. There- 
fore, the standard deviation of the four measurements 
is used to obtain a 2o- error value. The same procedure 
is used to obtain the 20- error value for thorium isotopic 
ratios that are based on three separate 10,000 count 
runs. The computer program used to calculate the slope 
and uncertainties in the slope of the linear trend 
specifies that 20" error values should be used to obtain a 
fit of the line to the measured data (York, 1969). 
Typically, 2o- values of 2.8% for 23°Th/232Th, 5.2% for 
238U/232Th, 3.2% for 234u/E38u, and 4.2% for 23°Th/ 
23SU, were determined from standard deviations for 
several measurements on a variety of samples. 

Linear Trend Plots and Linear Regression Calculations 
A computer program is used to generate Cartesian 

plots of both the uranium-trend data and the thorium- 
index data. The program, modified from that of 
Ludwig (1979), is also used to calculate best-fit linear 
trends. After the data are plotted, a least squares 
regression line is calculated using a modified York 
(1969) fit, which assumes that both X and Y parameters 
have associated errors and that all deviation from a 
straight line is due to normally distributed analytical 
error. As discussed above, the program requires that 2tr 
analytical errors are included with each isotopic ratio. 
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The resulting error in the calculated straight line is ltr 
including the observed scatter. The uncertainty in the 
regression line is asymmetric except at low values. To 
correct for this asymmetry, the uncertainty of the 
angle, O, of the regression line with the X-axis is also 
calculated, so that the errors on the slope of the 
regression line are angularly symmetric with respect to 
the best-fit line. Equations for determining the angular 
uncertainty are given by Ludwig (1980). 

CASE STUDIES OF SOUTHERN CALIFORNIA 
MARINE TERRACES 

Palos Verdes Hills 
The Palos Verdes Hills area near Los Angeles is 

a crustal block bounded on its northeastern flank 
by the northwest-trending Palos Verdes fault. 
Woodring et al. (1946) mapped 13 marine terraces 
which are mostly cut on shales of the Miocene 
Monterey Formation (Fig. 5). Marine terrace 
deposits are usually 1-3 m thick and are often 
overlain by non-marine alluvial or colluvial 
deposits which vary greatly in thickness. 

We sampled marine terrace deposits from the 1st, 
4th and 12th terraces for uranium-trend dating 
(Table I and Fig. 5). At all sites, thin non-marine 
deposits overlie the marine sediments. The marine 
sediments consist of calcareous, fossiliferous, 
poorly-sorted sands and gravels, largely derived 
from the Monterey Formation. Calcium carbonate 

content of the less-than-2 mm fraction of these 
sediments is high, ranging from 54--86% (Table 2). 
The carbonates in these sediments are derived 
partly from the Monterey Formation and partly 
from weathering of marine fossils. Uranium con- 
tent ranges from 1.9-9.7 ppm, and shows no obvious 
relationship to  CaCO3 content (Table 2). 

The ages of the 1st terrace in the San Pedro area 
(where PVH1 was sampled) and the 2nd terrace in 
the Palos Verdes Hills area are thought to be 80- 
120 ka based on aminostratigraphic correlation 
(Muhs and Rosholt, 1984). We estimated ages for 
the 4th and 12th terraces using their shoreline 
angle elevations, an assumption of sea levels close 
to the present at the time of terrace formation, and 
an assumption of a constant uplift rate. An uplift 
rate of 0.33 m/ka is calculated using the shoreline 
angle elevation of 46 m for terrace 2, its estimated 
age of 120 ka, and an assumption that sea-level was 
about +6 m relative to present at 120 ka (Ku et al., 
1974). By this method, the 4th and 12th terraces are 
estimated to be -275 ka and -1130 ka, respectively. 

Both Th-index and U-trend plots for PVH1 and 
PVH4 are highly linear with correlation coeffici- 
ents greater than 0.96 for all of the plots (Figs 6 
and 7 and Table 3), although we note that PVH4 
shows little 'extension' or isotopic variability. The 
calculated U-trend ages for PVH1 and PVH4 are 
150 + 50 and 230 + 60 ka, respectively, and are 
consistent with their estimated ages (Table 1). We 
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FIG. 5. Map showing marine terrace inner edges, landslides, major faults, and U-trend sample localities in the western part of 
the Palos Verdes Hills. Marine terrace inner edges are from Woodring et aL (1946). 
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TABLE 1. Locations, terrace numbers, elevations of shoreline angles, amino acid ratios in fossil Tegula and independent age estimates of 
marine terrace deposits sampled for U-trend dating 

Profile Location Terrace Elevation Mean Age Method of age Reference 
no. (m) Alle/Ile (ka) determination 

PVHI Palos Verdes I 40 0.55 _+ .06 a -80--120 Aminostratigraphic Muhs and 
Hills correlation Rosholt (1984) 

PVH4 Palos Verdes 4 91 0.62 _+ .08 275 Uplift rate This study 
Hills estimate 

PVHI2 Palos Verdes 12 373 1.00 __ .10 1130 Uplift rate This study 
Hills estimate 

SNII San Nicolas 1 11 0.29 _+ .05 80 + 4 23°Th/Za4U, Muhs et al. 
Island corals (1987) 

SNI2 San Nicolas 2 33 0.43 +_ .05 115 _+ 8 z'~'h/-'a4U, Muhs et al. 
Island 122 _+ 8 corals (1987) 

SNI2A San Nicolas 2 33 0.43 + .05 115 + 8 2~'h/-'a~U, Muhs et al. 
Island 122 + 8 corals (1987) 

SNI4 San Nicolas 4 97 1.04 + .07 440 Uplift rate This study 
Island estimate 

SNI5 San Nicolas 5 118 1.07 + .06 535 Uplift rate This study 
Island estimate 

SNI8 San Nicolas 8 183 1.24 _.+ .04 830 Uplift rate This study 
Island estimate 

SN110 San Nicolas 10 238 1.25 +_ .03 1080 Uplift rate This study 
Island estimate 

" Mean Alle/lle ratio in Tegula given is for a terrace mapped as terrace 2 by Woodring et al. (1946). Terrace 2 may be correlative with what 
Woodring et al. (1946) mapped as terrace 1 in the Cabrillo Beach area, where PVHI is located (see Muhs and Rosholt, 1984). 

TABLE 2. Estimated CaCO.~ contents, uranium and thorium concentrations, Th/U ratios, and isotopic activity ratios of marine terrace 
sediments 

Profile Depth CaCO3" U Th Th/U z34U/- '3xU 2 3 ~ " h / 2 3 8 U  23:'IU/232Th z-~JTh/232Th 
no. below (%) (ppm) (ppm) 

surface 
(era) 

PVH 1 

PVH4 

PVHI2 

SNII 

SNI2 

6-12 70.0 3.77 3.06 0.81 0.963 0.959 6.239 5.980 
12-26 68.4 3.37 2.66 0.79 0.947 1.033 3.860 3.989 
30-38 60.7 4.10 2.00 0.49 0.942 1.056 3.756 3.966 
40-50 66.6 4.52 2.01 0.44 0.964 0.936 6.881 6.441 
50-56 70.0 5.29 2.21 0.42 0.978 0.905 7.308 6.614 

216--239 82.3 2.11 1.03 0.49 0.958 1.053 6.386 6.724 
239--262 52.0 2.26 3.10 1.37 0.885 1.261 2.234 2.801 
262-282 64.8 2.03 2.22 1.11 0.896 1.254 2.782 3.488 
282-302 67.5 1.89 2.34 1.24 0.913 1.223 2.468 3.018 
302-325 56.6 1.79 3.14 1.76 0.894 1.288 1.790 2.306 
325-356 47.5 1.90 3.81 2.01 0.901 1.257 1.519 1.909 

112-142 80.6 2.43 0.61 0.25 1.065 1.202 12.26 14.73 
152-182 77.9 2.06 0.61 0.30 1.040 1.132 10.42 11.80 
182-213 54.7 9.67 2.54 0.26 1.073 1.142 11.59 13.24 
214--244 86.6 4.10 1.08 0.26 1.084 1.276 11.67 14.89 
245-275 85.4 2.25 0.87 0.39 1.019 1.120 7.93 8.88 

690-700 87.4 1.54 1.71 1.10 1.409 0.892 2.796 2.496 
700-710 83.4 1.71 2.03 1.18 1.415 0.930 2.610 2.428 
710-720 70.6 1.68 2.73 1.62 1.330 0.919 1.902 1.747 
720-730 61.0 1.93 4.40 2.28 1.224 0.909 1.356 1.233 
730-740 61.3 1.53 2.87 1.87 1.263 0.929 1.649 1.532 
740-750 59.6 ! .33 2.98 2.24 1.266 0.939 1.379 1.296 
750-760 44.5 1.25 3.99 3.19 1.158 0.977 0.970 0.947 
760-770 67.8 1.32 3.39 2.55 1.223 1.041 1.210 1.260 

0-10 73.7 1.32 3.22 2.45 I. 144 1.022 1.263 1.290 
10-20 63.6 1.16 2.65 2.28 1.151 0.960 1.358 1.303 
20-30 63.4 1.26 2.69 2.13 1.176 0.954 1.450 1.383 
30-40 54.4 1.26 3.00 2.38 1.205 0.997 1.297 1.293 
40-50 61.0 I. 15 2.42 2.11 1.295 1.012 1.464 1.483 
50-57 60.9 ! .30 2.67 2.05 1.275 1.053 i .509 1.589 

Continued over 
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TABLE 2 (continued) 

Profile Depth 
no. below 

surface 
( c m )  

CaCO3" U 
(%) (ppm) 

Th Th/U '-~U/'--~U '~'h/23"U Z~U/ ' -3-"rh z~"ff'h/'-3Z'l'h 
(ppm) 

SNI2A 

SNI4 

SNI5 

SNI8 

SNiI0 

0-15 27.5 2.18 
15-30 26.1 2.30 
31)--45 39.1 1.79 
45--60 32.8 1.71 
60-75 40.4 1.73 
75-90 49.0 1.44 
90-105 49.6 1.49 

105-120 67.6 1.13 
120-135 84.2 1.16 

230-240 59.5 ! .39 
240-250 72.2 1.46 
250--260 61.6 1.67 
260-270 53.7 1 . 5 6  
270-280 74.0 1 . 6 4  
281)-290 71.3 !.38 
290-300 62.2 1.46 
300-310 63.7 1.32 

10-20 71.4 0.61 
20-30 79.8 0.54 
30--40 82. I 0.67 
41)-50 91.5 0.62 
50--60 88.9 0.81 
70-80 57.8 1.21 
80-90 47.1 1.30 
90-100 34.8 1.85 

210-220 73.9 !.25 
220-230 42.1 1.40 
230-240 58.9 1.22 
240--250 46.3 1.34 
250-260 70.7 2.11 
260-270 55.9 ! .53 
270-280 52.3 1.48 
280-290 50.9 1.49 

0-10 63.9 0.92 
10-20 72.5 1.03 
20-30 78.2 0.91 
30--40 74.0 1.12 
40-50 89.6 0.91 
50-60 91.4 0.84 
60-70 92.2 0.80 

8.87 4.06 1.034 0.964 0.761 0.733 
10.77 4.69 1.002 1.039 0.659 0.684 
6.96 3.88 1.034 0.957 0.796 0.762 
6.90 4.02 1.048 1.088 0.768 0.835 
6.67 3.85 1.016 1.018 0.803 0.817 
4.70 3.26 1.020 0.973 0.946 0.921 
5.17 3.46 1.028 1.013 0.893 0.904 
2.94 2.60 1.079 0.968 1.188 1.150 
1.17 1.01 1.114 0.709 3.044 2.159 

2.90 2.09 1.269 1.327 i .480 1.964 
2.19 1.50 1.323 1.371 2.060 2.824 
2.76 1.65 1.342 1.348 1.867 2.517 
3.89 2.49 1.260 1.209 1.239 1.498 
3.36 2.04 1.257 1.244 1.5 ! 1 1.880 
2.77 2.01 1.486 1.754 1.539 2.699 
3.61 2.47 i.403 1.594 1.252 1.995 
3.59 2.71 1.436 i.715 1.140 1.956 

1.45 2.38 1.107 I. 187 1.298 1.541 
0.92 1.71 1.161 !. 108 1.806 2.001 
1.37 2.05 i.142 1.285 1.510 1.940 
0.83 1.33 I. 195 1.255 2.323 2.916 
1.39 1.71 I. 158 1.109 1.803 1.999 
4.46 3.70 1.062 i .044 0.836 0.874 
5.14 3.95 1.021 1.028 0.783 0.805 
7.63 4.12 0.984 0.997 0.750 0.748 

6.87 5.50 1.064 1.221 0.562 0.686 
9.94 7.09 0.961 1.138 0.436 0.496 
8.86 7.29 1.065 1.325 0.424 0.562 
9.34 6.97 1.027 1.236 0.443 0.548 
5.74 2.72 1.016 0.994 1.134 1.128 
8.68 5.71 1.029 I. 194 0.544 0.649 
7.65 5.16 1.008 I. ! 14 0.599 0.667 
8.70 5.82 1.076 1.256 0.531 0.667 

1.52 1.66 1.073 I. 136 1.862 2.115 
1.84 1.79 1.000 1.103 1.726 1.903 
1.92 2.11 1.070 1.159 1.468 1.701 
2.77 2.49 1.034 !.056 1.242 1.312 
1.35 1.49 1.100 1.242 2.078 2.579 
0.86 1.02 1.129 1.207 3.042 3.673 
0.76 0.94 i. 154 1.248 3.281 4.096 

" Estimated from weight loss on ignition at 900°C for eight hours 
maximum values. 
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TABLE 3. Correlation coefficients of Th-index plots and U-trend plots. U-trend parameters, and U-trend ages 

Profile Th-index plot Confidence U-trend plot Confidence U-trend U-trend X-intercept Half-period Age ~ 
no. correlation level correlation level slope slope of F(0) (ka) 

coefficient (%) coefficient (%) error (ka) 

PVHI 0.998 99.9 +0.984 99.8 +0.221 0.015 +0.209 408 150 + 50 
PVH4 0.998 99.9 +0.969 99.9 +0.302 0.026 +0.082 596 230 + 60 
PVHi2 0.971 99.4 -0.764 86,7 -0.360 0.103 +0.019 698 >700 
SNII 0.996 99.9 +0.565 85.5 +1.101 0.657 +0.202 419 nd 
SNI2 0.899 98.5 -0.580 77.3 -0.978 0.686 +0.212 402 nd 
SNI2A 0.994 99.9 +0.766 98.4 +0.326 0.058 +0.098 578 240 + 30 
SNI4 0.792 98.1 -0.973 99.9 -0.404 0.028 +0.413 104 390 + 50 
SNI5 0.989 99.9 -0.775 97.6 -0.702 0.130 +0.021 689 550 + 80 
SNI8 0.988 99.9 -0.623 90.1 -0.232 0.119 +0.052 644 >700 
SNII0 0.997 99.9 -0.859 98.7 -0.735 0.117 +0.056 637 530 __. 60 

=nd - -  not determined. 

are less certain about the estimated age of >700 ka 
for the 12th terrace, PVH12. Although the Th- 
index plot shows good linearity (Fig. 8), the U- 
trend plot has a correlation coefficient of only - 
0.764, which is significant only at a confidence 
level of - 87% (Table 3). Despite this uncertainty, 
the U-trend age estimate of >700 ka does not 
conflict with the uplift rate age estimate of 1130 
ka, and is significantly older than the U-trend age 
estimate of the 4th terrace. The U-trend age for 
PVH12 is also supported by amino acid ratios, which 
are significantly higher in molluscs from the 12th 
terrace than in molluscs from the 4th terrace 
(Muhs and Rosholt, 1984). Because the U-trend 
plots show generally good linearity and calcu- 
lated ages for the three terraces are in correct 
stratigraphic order, we conclude that U-trend 
dating of poorly-sorted, calcareous terrace sedi- 
ments derived from rocks such as the Monterey 
Formation is feasible. 

San Nicolas Island 
San Nicolas Island is a crustal block composed 

primarily of Eocene siltstones and sandstones 
overlain by Quaternary marine terrace deposits, 
dune sand, and eolianite. Structurally, this island 
is a complexly faulted anticline; a major, northwest- 
trending offshore fault parallels the southern 
coast of the island (Vedder et al., 1974). Vedder 

16.0 _ 

.o  - / ~ _ _  - 
,2,oL / / 4 -  

J - 

4 . 6 - -  _ 

::o 
2~ U ~ = T h  

0.4 

g O.2 

5" 

g 0.0 

4-0.2 
-'08 

I I i I i I ~ I , I 
4 .6  "0.4 --0.2 0.0 02 0.4 

(2~ tJ-2~o Th)/',~ U 
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and Norris (1963) mapped 14 marine terraces on San 
Nicolas Island which rise to a maximum elevation of 
-277 m (Fig. 9). The terraces are not as well 
expressed geomorphically as they are on the Palos 
Verdes Hills, owing to a cover of non-marine 
deposits such as eolianite, dune sand, or alluvium 
that in some places may be as much as 15 m thick. 
This cover is significant for sampling strategies of 
U-trend dating studies for reasons discussed earlier. 
Care was taken to sample only marine terrace 
deposits that were either exposed at the surface or 
have experienced only shallow burial by non- 
marine deposits. Most marine terrace deposits on 
San Nicolas Island are highly calcareous; they 
range from 26-92% CaCO3 and average about 65% 
CaCO3 (Table 2). The carbonates are derived from 
Quaternary fossil molluscs, echinoids, corals, 
algae, and bryozoans. The non-carbonate fraction 
consists of gravels and sands derived from the 
Eocene siltstones and sandstones, plus an un- 
known amount of infiltered eolian silt and clay 
derived from distant sources (Muhs. 1983b). Uran- 
ium content is fairly low in all terrace deposits 
studied, ranging from 0.6-2.3 ppm, and shows an 
inverse relationship with CaCO 3 content for SNI2A 
and SNI5, the two profiles with the greatest 
variability in CaCO3 content (Table 2). For U- 
trend dating, we sampled deposits from the 1st, 
2rid, 4th, 5th, 8th, and 10th terraces on San Nicolas 
Island. Two of these terrace deposits have U-series 
ages (on coral) in addition to their relative ages 
based on uplift rates (calculated from the age and 
elevation of the 2nd terrace) and amino acid ratios 
(Table 1). 

In general, we obtained reasonable results for the 
older terraces but could not date the younger terraces. 
For the 1st and 2nd terraces (SNI1 and SNI2; Figs 10b 
and 11b), the U-trend plots indicate little variability on 
the (238U-23°Th)/238U axes, with values that cluster 
near equilibrium, although the (23"Iu-zasu)/E3Su values 
show a typical range of variability. This poor linearity is 
reflected in low correlation coefficients (Table 3), and 
we have not attempted to calculate ages from these 
clustered plots. The lack of isotopic variability in 
profile SNI1 may be due to its relatively thick ( - 7  m) 
non-marine cover (Table 2); this is an example of 
condition 4 described earlier in the section on problems 
and limitations of U-trend dating. Deep burial cannot 
explain the clustering in SNI2, however. Because SNI2 
also shows a clustering in the Th-index plot (Fig. l la)  
and is only 57 cm thick, we resampled this deposit at 
another site on the 2nd terrace (SNI2A) landward of 
SNI2, where the terrace deposits are thicker and we 
hoped to find greater isotopic variability. The U-trend 
plot for SNI2A also shows little variability, with all but 
one point clustering around equilibrium values on both 
axes (Fig. 12b) although the plot has a marginally 
acceptable correlation coefficient (Table 3). However, 
the calculated age of 220 + 30 ka is in disagreement 
with U-series ages of 115 + 8 ka and 122 + 8 ka on 
coral from this terrace reported by Muhs et al. (1987). 
We suspect there is insufficient mineralogic and/or 
chemical variability in the non-carbonate fraction of 
this profile to define a U-trend slope accurately. 
Results for the 4th terrace are much more reasonable 
than those for the lower two terraces (Fig. 13). The U- 
trend plot displays excellent linearity (r = -0.962) and 
extension, and the calculated age of 390 + 45 ka is in 
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FIG. 9. Map showing marine terrace inner edges and U-trend sample localities on San Nicolas Island. Marine terrace inner edges 
are from Vedder and Norris (1903) and Muhs (1985). 
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FIG. 12. U-trend and Th-index plot for SN12A. 
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reasonable agreement wi th  the uplift rate age estimate 
of -440 ka (Table 1). The Th-index plot of this deposit 
shows considerable scatter, however. 

The three highest terraces studied, SNIS, SNI8 and 
SNI10, meet all of our criteria for acceptable U-trend 
ages. The Th-index plots for all profiles show excellent 
linearity and U-trend plots show fair to good linearity 
and extension (Figs 14, 15, 16). The age estimate of 550 
_+ 80 ka for SNI5 is in agreement with its uplift rate age 
estimate of -535 ka (Table 1) and is significantly older 
than the U-trend age of SNI4. The age estimate of 
>700 ka for SNI8 does not conflict with the uplift rate 
age estimate of -830 ka, and is significantly older than 
SNI4 and SNIS. However, the U-trend age of 530 + 60 
ka for SNI10 is neither consistent with its uplift rate age 
estimate nor amino acid ratios. The elevation of the 
10th terrace is nearly twice that of the 5th terrace and 
amino acid ratios in Tegula from the 10th terrace are 
significantly greater than ratios in Tegula from the 5th 
terrace on San Nicolas Island and the 12th terrace on 
the Palos Verdes Hills (Table 1). U-trend results for 
SNI10 appear to represent an example of a condition 
described above in the section on problems and 

l imi tat ions. The marine terrace sediments at this 
locality are exposed at the ground surface with no soil 
cover (see Fig. 14 of Vedder and Norris, 1963) and 
fossils in the sediments are extremely well preserved, 
even to the extent of retention of original colors. 
Because we know of no other surface exposures of 
high-elevation terraces in California with such well- 
preserved fossils, we suggest that SNI10 once had a 
thicker, overlying sedimentary cover, and there was 
little sediment/water interaction until the present ter- 
race sediments were exhumed after erosion of the 
overlying sediments. The U-trend age suggests that 
enough overlying material was removed for sediment/ 
water interaction to begin by --530 ka, or about the 
time of emergence of SNIS. SNI10 is an excellent 
example of a situation where a U-trend age must be 
carefully evaluated in terms of consistency with in- 
dependent geologic evidence, because the age for this 
terrace cannot be rejected on the basis of the Th-index 
and U-tlend plots. However, the results do suggest that 
U-trend dating may have the potential for unravelling 
subsequent erosional history of a deposit if reliable 
independent ages are available. 
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FIG. 14. U-trend and Th-index plot for SNIS. 
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Correlation of  Marine Terraces with the Oxygen Isotope 
Record 

Our U-trend age estimates for PVH1, PVH4, 
PVHI2, SNI4, SNI5, and SNI8 show possible correla- 
tions with parts of the deep-sea marine oxygen isotope 
record of Shackleton and Opdyke (1973) (Fig. 17). We 
suggest that PVH1 and PVH4 are correlative with 
deep-sea isotope stages 5 and 7, respectively. SNI4 
could correlate with either stage 11 or stage 13, and 
SNI5 most likely correlates with stage 15. On the basis 
of similar amino acid ratios, Muhs (1985) thought that 
SNI4 and SNI5 might represent individual sea-level 
highstands within a single oxygen isotope stage, or 
interglacial period. The U-trend age estimates, how- 
ever, suggest that these two terraces probably represent 
separate interglacial periods (Fig. 17). Because the U- 
trend method only yields minimum ages for deposits 
older than 700 ka, we can only say that PVH12 and 
SNI8 are at least as old as deep-sea isotope stage 19. 
We suggest that U-trend dating has the potential for 
establishing correlations between middle Pleistocene 
marine terraces from many areas and the deep-sea 
oxygen isotope record. 

CONCLUSIONS 

We conclude that California marine terrace sedi- 
ments can give reasonable U-trend ages provided that 
freshly deposited materials have sufficient mineraiogic, 
textural, and chemical variability to yield a reasonable 
spread of points on U-trend and thorium-index plots. 
The youngest two terraces on San Nicolas Island are 
examples of geologic units that have very uniform 
isotopic compositions in the 238U-234U-23°Th system as 
a function of depth. Uniform isotopic composition is 
apparently not related to either CaCO3 concentrations 
or U concentrations. More studies are needed to 
determine why these terraces yielded clustered U-trend 
plots. The oldest terrace on San Nicolas Island has a U- 
trend age much younger than is geologically reason- 
able, and suggests a complex erosional history. For 
other early-middle Pleistocene terraces on San Nicolas 
Island, and all terraces on the Palos Verdes Hills, U- 
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FIG. 17. Comparison of U-trend ages from the Palos Verdes Hills 
and San Nicolas Island with the oxygen isotope record in deep-sea 
core V28-238 from the equatorial Pacific. Oxygen isotope data from 
Shackleton and Opdyke (1973); timescale is derived from a sedi- 
mentation rate of 1.64 cm/ka, using an age estimate of 740 ka for t h e  
Brunhes.-Matuyama boundary (Mankinen and Dalrymple, 1979) at 
1200 cm. Numbers to left of curve are marine isotope stages. 
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t r e n d  ages  a re  s t r a t i g r aph ica l l y  c o n s i s t e n t  a n d  g e o -  

log ica l ly  r e a s o n a b l e .  W e  sugges t  tha t  U - t r e n d  d a t i n g  o f  

m a r i n e  t e r r a c e  s e d i m e n t s  c o u l d  y ie ld  i m p o r t a n t  in for -  

m a t i o n  in coas ta l  t e c t o n i c  s tud ie s ,  and  n e w  w o r k  s h o u l d  

be  in i t i a t ed  in o t h e r  loca l i t ies .  F o r  e x a m p l e ,  U - t r e n d  

ages  o f  h igh  t e r r ace s  a l o n g  the  O r e g o n  coas t  c o u l d  g ive  

l o n g - t e r m  upl i f t  r a tes  fo r  a r e a s  n e a r  t he  e n i g m a t i c  

C a s c a d i a  s u b d u c t i o n  z o n e  ( H e a t o n  and  H a r t z e l l ,  1987). 
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