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Introduction  
Determining reliable geologic slip rates for the major faults in southern California (and 
elsewhere) requires accurate dating of offset Quaternary landforms. While there are 
several Quaternary dating methods currently in use, no technique completely fills the 
need to precisely and accurately date the most common offset Quaternary landforms in 
southern California, namely, alluvial fan remnants. Our study employs the relatively new 
approach of U-series dating of pedogenic carbonate using small samples analyzed by 
mass spectrometry in a coordinated comparison with 10Be dating already carried out by 
Kimberley Le, Mike Oskin, and Tom Rockwell. 
 
In collaboration with Le, Oskin, and Rockwell, UC Berkeley graduate student Kathryn 
Fletcher, with supervision from Warren Sharp (Berkeley Geochronology Center), has 
developed and applied U-series dating of pedogenic carbonate to selected fan-surfaces 
offset along the Clark strand of the San Jacinto fault. Offsets of these fans have been 
determined and 10Be ages have been measured (Le et al., in review). Accordingly, the 
new U-series ages may be directly compared with 10Be ages, thereby helping to assess the 
accuracy of ages obtained via the two techniques on both late Pleistocene and mid-
Holocene alluvial fans. Our results can not only be used to affirm or refine the slip rates 
calculated based on 10Be ages, but also to provide broader insight into the applicability 
and reliability of U-series and 10Be dating when applied to southern California slip-rate 
studies.  The fans we have dated by U-series are the late Pleistocene “Q2c fan” of Le et 
al.’s southern Santa Rosa site (offset = 50 m, 10Be age = 34.5 ± 6.6 ka), and the mid-
Holocene “Q3a fan” of Le et al.’s Santa Rosa site (offset = 18 m, 10Be age = 4.6 ± 1.6 
ka).  
 
Improved U-series Dating Methods 
Pedogenic carbonate from the San Jacinto fans prepared using our established procedure 
was found to contain relatively high “common” Th, (i.e., 232Th).  232Th is not present in 
pure pedogenic carbonate and indicates the presence of detritus included during growth 
of the carbonate. The detritus contains extraneous 238U, 234U, and 230Th that must be 
subtracted from the measured U and Th in the sample. This correction can be made using 
232Th as an index if the concentration and isotopic composition of U and Th in the 
detritus can be measured or inferred (e.g., Ludwig and Paces, 2002; Fletcher et al., in 
press); however, this correction reduces the precision of the final age. By modifying our 
sample preparation procedure, we have reduced the extraneous U and Th in our samples 
by a factor of five or more (as deduced by comparing treated and untreated replicates), 
thereby significantly improving the precision and reliability of our U-series dates on 
232Th-bearing samples.  



 
Results to date 
Our improved sample preparation protocol is effective in removing contaminating 
detritus from pedogenic carbonate, as indicated by the measured concentrations of 
common Th (232Th) in untreated and treated samples. For example, untreated carbonate 
from the late Pleistocene Q2c fan contained 0.49 ppm of 232Th, while a treated replicate 
contained only 0.10 ppm 232Th.  Likewise, untreated carbonate from the mid-Holocene 
Q3a fan contained 0.66 ppm 232Th, while treated carbonate from the same soil contains 
only 0.105 ppm 232Th.  Accordingly, the new sample treatment increases the precision of 
U-series ages that may be obtained despite high levels of detrital contamination. 
 
U-series analyses are presented in Table 1 (below). 
 
Q2c fan 
Eight samples from six different clast-coatings from the Q2c fan have been analyzed. The 
samples have median U and Th concentrations, respectively, of 2.1 and 0.35 ppm. One 
sample, SJ-P4-2T, contains excess 230Th, indicating that its U-Th system has not 
remained closed. Calculated ages for the remaining seven samples range broadly, from 
approximately 27 to 68 ka; however, four ages cluster from 31.7 to 34.7 ka.  These four 
ages yield a weighted mean age of 33.2 ± 1.4 ka (2s), which we interpret as a reliable 
minimum age for the Q2c fan. 
 
Two older ages obtained for this soil,  ~50 and 68 ka, may reflect: (1) failure of the U-Th 
systems in these samples to remain closed, or (2) more accurate estimates of the 
depositional age of the fan. Although we consider hypothesis (2) less likely, we plan to 
assess the significance of these ages by means of more analyses of sub-samples of the 
oldest dated coatings. Our rationale is as follows: closely related samples of carbonate 
that have remained closed to U-Th should yield reproducible U-series ages, whereas 
carbonate that has not remained closed should yield ages that scatter beyond their 
analytical uncertainties. 
 
Q3a fan 
Five samples from four different carbonate coatings from the Q3a fan have been dated. 
These samples have median U and Th concentrations, respectively, of 4.6 and 0.39 ppm. 
Ages for four of five samples cluster from 6.1 to 7.2 ka and have a weighted mean age of 
6.30 ± 0.35 ka.  The same four samples define a 238U-234U-230Th isochron with an age of 
6.12 ± 0.64 ka.  The good agreement of the isochron age (6.12 ± 0.64 ka) with the 
weighted mean age (6.30 ± 0.35) validates the two primary assumptions of U-series 
dating; i.e., that: (1) an appropriate correction for extraneous U and 230Th from detritus 
has been made, and (2) the U-Th system has remained closed since the carbonate formed.  
Thus the U-series age of (6.12 ± 0.64 ka) provides a highly reliable minimum age for the 
Q3a fan. 



 
 
Table 1. U-series ages. All errors are 2σ.  Isotope ratios are given as activity ratios. 

Sample 
Name 

Weight 
(mg) 

U 
(ppm) 

Th 
(ppm) 

230Th 
232Th Age (ka) 

Back-calculated 
234U/238U 

Q2c fan       
SJ-P4-2T 25.03 1.08 0.486 9.09 excess 230Th 
SJ-P4-2A 29.11 1.81 0.098 17.43 34.7 ± 5.6 1.1185 ± 0.0246 
SJ-P4-2D 34.70 2.08 0.717 3.06 31.8 ± 5.4 1.1057 ± 0.0170 
SJ-P4-3B 26.64 2.38 0.122 16.48 27.2 ± 2.8 1.2214 ± 0.0108 
SJ-P4-4A 38.12 2.09 0.155 12.16 33.3 ± 1.5 1.0761 ± 0.0028 
SJ-P4-6B 40.00 3.08 1.359 2.50 31.7 ± 7.3 1.1083 ± 0.0079 
SJ-P4-7A 9.45 2.00 0.349 7.60 50.1 ± 4.1 1.1171 ± 0.0249 
SJ-P1-1A 37.47 1.53 0.030 79.90 67.9 ± 2.4 1.1009 ± 0.0119 
Q3a fan       
SJ-Q3a-1A 29.59 4.56 0.660 1.31 2.5 ± 2.2 1.0455 ± 0.0069 
SJ-Q3a-1B 12.92 4.56 0.466 2.57 6.5 ± 1.6 1.0347 ± 0.0123 
SJ-Q3a-2B 13.48 3.13 0.390 2.26 6.5 ± 2.2 1.0402 ± 0.0152 
SJ-Q3a-3A 53.07 5.04 0.105 9.05 6.1 ± 0.4 1.0386 ± 0.0066 
SJ-Q3a-4B 12.95 3.78 0.153 5.79 7.2 ± 0.9 1.0449 ± 0.0099 

 
 
Discussion 
Q2c fan 
The Q2c fan at the dating site has nearly ideal properties for 10Be dating (Le at al., in 
review).  That is, there has been little or no accretion or erosion of the fan since 
deposition, as inferred from the morphology of the fan-surface and the excellent 
preservation of soil characteristics initially developed during the Pleistocene.  The change 
in 10Be concentration with depth approaches the exponential downward decrease 
expected in undisturbed alluvium.  Such a profile indicates (1) that vertical mixing near 
the current surface, for example by bioturbation or other processes, has been minor, and 
(2) that inherited 10Be, though significant, is relatively uniform with depth. Accordingly, 
the age of the fan determined from the 10Be depth profile (34.5 ± 6.6 ka; Le at al., in 
review) is likely to be reliable. 
 
The likely minimum age of the Q2c fan from U-series dating of pedogenic carbonate 
(33.2 ± 1.4 ka) agrees within errors with the 10Be age (34.5 ± 6.6 ka) determined by Le et 
al. (in review) at the same locality.  This agreement is encouraging, supports the accuracy 
of both techniques, and leads to a more precise estimate of the age of the fan of 35 + 6.5, 
-2.0 ka when age constraints from U-series and 10Be dating are combined.  Moreover, this 
result indicates that the interval between final alluvial deposition on the Q2c fan-surface 
and accumulation of the dated carbonate—the “time lag” inherent to dating alluvium via 
U-series on pedogenic carbonate—is no larger than the uncertainty in the 10Be age. 
 
Q3a fan 
The U-series age (6.12 ± 0.64 ka) of the Q3a fan may be compared with a 10Be age 
obtained by Le et al. for this fan. A mean 10Be age of 6.0 ± 1.0 ka was measured on 
amalgamated chips from surface boulders on relict bars, and mean inheritance equivalent 
to a 10Be age of 1.3 ± 0.3 ka was measured on (1) buried samples from the same fan 
complex, and (2) modern stream boulders.  Subtracting inherited 10Be in the conventional 
way yields an age of 4.7 ± 1.2 ka, approximately 30 per cent younger than the U-series 



age (6.12 ± 0.64 ka), though not distinct at the 95% confidence interval. The U-series age 
is more precise than the 10Be age and places a more stringent constraint on the age of the 
fan-surface (that is, the U-series age provides an older minimum age for the fan).  
Accordingly, the calculated mid-Holocene slip rate on the Clark strand of the San Jacinto 
fault at this site will need to be adjusted ~30% downward in light of the new U-series 
age.  The source of the discrepancy between the U-series and 10Be ages in this case 
remains a topic of our research. 
 
Conclusions 
Q2c fan 
U-series dating of pedogenic carbonate provides a precise, reliable minimum age for the 
late Pleistocene Q2c alluvial fan (33.2 ± 1.4 ka) based on internal reliability criteria.  
Moreover, the U-series age is equal within errors to the 10Be age (34.5 ± 6.6 ka) of the 
fan.  Particularly strong evidence indicates that the dated site lacks significant erosion 
since the Pleistocene; therefore, within stated errors, the 10Be date provides an unusually 
reliable estimate for the depositional age of Pleistocene alluvium. Accordingly, the 
concordant U-series and 10Be ages obtained for the Q2c fan increase our confidence that 
U-series dating provides ages that closely approach the depositional age of Pleistocene 
fans in southern California. This result of our project has broader implications for the 
methods used to date offset fan remnants (and thereby determine geologic slip rates). For 
example, Pleistocene zones of maximum pedogenic carbonate accumulation (our targets 
for U-series dating) generally formed in gravelly alluvium at depths of >1 meter; thus, U-
series dating of pedogenic carbonate remains applicable even to eroded Pleistocene fan-
surfaces, which are difficult to accurately date via 10Be using the depth profile or surface-
sample techniques (e.g., at Biskra Palms fan; compare van der Woerd et al., 2006; 
Fletcher et al., in press; Behr et al., in press).  
 
Q3a fan 
Precise U-series dating of the Q3a fan (U-series age = 6.12 ± 0.64 ka) has provided the 
best available age for this mid-Holocene fan offset along the Clark strand of the San 
Jacinto fault. More broadly, this result demonstrates the applicability of U-series dating to 
geologically young gravelly alluvium.  Such capability is essential to obtaining precise 
geological slip rates using offset alluvial fans of mid- to late Holocene age, thereby 
determining Holocene geologic slip rates that may be compared with paleoseismic slip 
rates from sites such as Wrightwood and Hog Lake.  
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