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A 51-cm core (SBB-8-2012) from the depo-center of Santa Barbara Basin (SBB),
California has been dated by ?'°Pb dating and varve counting, spanning a depositional
history during 1815-2011 CE. A total of 89 AMS “C measurements on samples from 66
horizons, including animal cartilage, shell and total organic carbon (TOC) in the sediments
show apparent “C ages between 500 and 4000 yr BP. Among these AMS dates, D'*C
values measured in 78 samples from 62 horizons vary in the range of -64.3%o to -383.8%o.
The “Cyoc ages much older than predicted from our sedimentation model are influenced
by the input of terrigenous sediments, changes in ocean circulation, biological input and
carbon remineralization. Three strong old “C;qs excursions at 1964~69, 1884~87 and
1819~21 CE indicate higher old carbon input caused by some unusual events (e.g., ail
spill, flood event and earthquake). On multi-decadal timescales, the D4C, shifts in three
zones were mainly caused by changes in fossil carbon emission from the seafloor, fraction
of marine productivity to terrigenous input of organic carbon (OC) and the atmospheric
nuclear bomb testing input of C into the SBB. On interannual to decadal timescales,
variations of D'*C+y correspond to El Nifio-Southern Oscillation effects. During the La
Nifna period, stronger upwelling and northerly California Current bring nutrient-enriched
water into SBB and lead to higher productivity hence more marine OC with higher
D"Cqqe. In addition, reduced terrigenous input of OC with lower D'#C under less coastal
rainfall during La Nifa could further elevate the D'*Cyqs. Lower scanning XRF (K+Ti)/2
(indicating lower terrigenous input), higher scanning XRF Sr/Ti as well as acid-leachable
elements (reflecting higher biogenic components), and higher D'C,,, occur during La
Nifa. During the El Nifio period, the phenomena are opposite. Spectrum analyses of the
Southern Oscillation Index (SOI) and the DCy4 as well as the comparison of SOI and
SBB-8-2012 records support our scenarios.

Keywords: “C;¢ variation, elemental content, laminated sediment, Santa Barbara basin, El Nino/La Nifa, iTRAX
XRF scan corer, Icp-oes analysis, acid-leachable elements
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1 INTRODUCTION

With anoxic conditions on the bottom of Santa Barbara Basin
(SBB) oftshore of California, laminated sediments have regularly
been used to reconstruct high-resolution paleoclimate records
(Kennett and Brassell, 1992; Schimmelmann and Lange, 1992;
Kennett and Ingram, 1995; Heusser, 1998; Schimmelmann et al,,
1998; Schimmelmann et al., 2003; Robert, 2004; Schimmelmann
et al.,, 2006; Barron and Bukry, 2010; Barron et al., 2015; Sarno
et al,, 2020), and natural disaster signals such as earthquake and
flooding events (Schimmelmann et al., 2001; Schimmelmann
et al, 2013; Hendy et al., 2015; Du et al, 2018). Numerous
investigations of SBB water column, sediment trap and sediment
core analyses have been conducted on carbon and nitrogen cycles
(e.g., Andrew and Peter, 1977; Pisias, 1978; Lynn and Simpson,
1990; Schimmelmann and Tegner, 1991; Thunell, 1998; Emmer
and Thunell, 2000; Thunell, 2003; Tems et al., 2015; Davis et al,,
2019; White et al., 2019), biological productivity and chemical
conditions in the basin and their linkage to climate and water
mixing (e.g., Browne, 1994; Gorsline, 1996; Weinheimer and
Cayan, 1997; Warrick et al., 2005; Lund, 2011; Berelson et al.,
2019; Napier et al., 2019).

Terrestrial organic carbon input by episodic discharge
events from the mountain river systems can survive in coastal
processing near Santa Barbara Channel (Kolpack and Drake,
1984; Thunell et al., 1995; Schimmelmann and Lange, 1996). The
organic carbon (OC) can be rapidly transported to low-oxygen
seafloor sediments in SBB where remineralization is less efficient
(Sarno et al., 2020). Due to restricted circulation below the basin
sills, oxygen supply to the bottom water of SBB is limited, so a
suboxic environment exists at a depth below 480 m (Li et al,
2009). The anoxic condition in SBB is also attributed to the
emission of methane and crude oil from oil seeps in the region
contribute reduced carbon. For instance, the Coal Oil Point seep
field, located at near shore of SBB, is one of the largest natural
submarine hydrocarbon emission areas in the world (Allen
and Mikolaj, 1970; Hornafius et al., 1999; Valentine et al., 2010)
and likely contributes fossil carbon input to SBB. With those
exogenous carbons (old and dead carbons), the “C reservoir age
in SBBis older than that of the average world ocean and varies over
time (Kennett et al., 1997). Several groups have studied the AR
(regional differences in the radiocarbon age between sea-surface
water and average world surface water, McFadgen and Manning,
1990) in SBB via different methods. Ingram and Southon (1996)
used mollusc shell *C measurements in SBB and found the AR
of 233£60 years for the Santa Barbara Channel region, close to
the average for the coast of California. Kennett et al. (1997) used
1C dates of marine shell and charcoal pairs from finely stratified
archaeological deposits at Daisy Cave and Cave of the Chimneys
located on San Miguel Island and concluded that the AR varied
from -360 to 310 years during the Holocene. Hendy et al. (2013)
compared 49 mixed planktonic foraminiferal carbonate and
20 terrigenous organic carbon (such as wood, leaves, seeds or
charcoal) “C dates to the varve chronology in a sediment core

from SBB and found that the AR between 80 and 350 years
during the past 2000 years. Therefore, it is necessary to further
understand the factors that affect the C reservoir ages of SBB.

The C reservoir age in SBB is related to oceanic circulation,
upwelling of the Pacific deep water, El Nifio-Southern Oscillation
(ENSO) and Pacific Decadal Oscillation (PDO) (Kennett et al.,
1997; Hendy et al,, 2013; Du et al,, 2018). This is because the
regional rainfall of southern California, oceanic circulation
and upwelling along the southern California coast are strongly
influenced by summer insolation, ENSO and PDO (Kennett
et al, 1997 and references therein; Lynn and Bograd, 2002;
Jacox et al., 2015). During the warm phases of ENSO (El Nifio
state) and PDO, rainfall and river discharge increase around
SBB, supplying more terrestrial sediments to the depo-center of
SBB (Shipe et al., 2002; Warrick and Farnsworth, 2009; Hendy
et al.,, 2015). During this period, the southerly flow of California
Counter Current brings warm, nutrient-depleted water from the
equatorial Pacific to suppress northerly flow and nutrient-rich
California Current as well as upwelling, resulting in low marine
productivity (Bray et al., 1999; Bograd and Lynn, 2001; Bograd
etal.,2002; Venrick, 2012). On the other hand, increase (decrease)
in summer insolation results in warmer air masses over western
North America, enhancing (reducing) northwesterly winds and
upwelling intensity along the California coast (Kennett et al.,
1997). However, up to date, there is no annual to interannual
variability of 1*C reservoir age in the SBB sediment records to
provide evidence for the above scenario. We address this topic
in our work here. Furthermore, Hendy et al. (2015) used a 250-
yr varved core (SPR0901-04BC) from SBB to identify droughts
and floods related to ENSO impact by using changes in elemental
contents measured with scanning X-ray fluorescence (XRF),
inductively coupled plasma atomic emission spectrometer
(ICP-AES) and inductively coupled plasma mass spectrometer
(ICPMS). They have found that siliciclastic sediments containing
the elements Ti, Fe, K, Al, Si, and Rb have higher scanning XRF
intensities during El Nifio events and positive (warm) phases
of PDO, and biogenic indicators such as Ca/Ti, Sr/Ti and Br/
Cl have lower values during El Nifio events and negative (cool)
phases of the PDO (Hendy et al., 2015). Are we able to reproduce
such conclusions?

This study presents results of 1“C measurement, scanning XRF
elemental content and acid-leachable elemental concentration
of the sediments in a 51-cm core from the depo-center of SBB.
The core was dated by '°Pb and varve counting. The refined
chronology of the core indicates that the sedimentary history
of the core covers 1815-2011 CE. The high-resolution (3-yr)
D"“Cyoc record combined with the elemental records allows
us to understand sedimentary variations under influence of
climatic and oceanographic changes. In this paper, we will
discuss the influencing factors of the DC;. (i.e., apparent *C
age of total organic carbon) in SBB sediments. The outputs of our
results benefit not only the understanding of the variation of the
14C reservoir effect in the Santa Barbara Channel, but also the
reconstruction of paleoclimate and paleo-ENSO changes.
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2 MATERIALS AND METHODS

2.1 SBB-8-2012 Core and Sampling
SBB-8-2012 (34°17’N, 120°03’W) was a 5l-cm long core
collected by a multi-core device in the depo center of the Santa
Barbara Basin at a water depth of 580 m by the research team of
Prof. William Berelson at the University of Southern California
(USC) in August 2012 (Figure 1). The core was split in half and
kept in a cold room at 4°C in the Department of Earth Sciences
at USC. Half of the core was transported to the Department
of Geosciences at the National Taiwan University (NTU) in
2015. During the transportation, the sediments below 12.5 cm
separated from the section above, perhaps caused by differential
drying due to changes in grain size, density and organic content,
etc. (Figure 2A). This shrinkage resulted in a 3-cm gap in the
core. Therefore, we have to calibrate the scanned and sampling
depths back to the original depths (Figure 2B). Owing to changes
in moisture content of the core during the storage (more than 3
years) at USC and transportation from USC to NTU, the water
content of the sediments was not measured.

The half core was scanned by an iTRAX core scanner at NTU.
After the scan, the core was subsampled at 1-cm interval for 2!°Pb
dating, then subsampled at 2~3-mm interval (roughly 4 samples
within one centimeter) with a stainless steel knife for fine
resolution analyses. During the sampling, any visible shells, plant
or animal remains in the sediments, were picked up individually
for "C dating purposes. Only less than 1/2 of the sediments
throughout the half core were taken at NTU, and the rest was
sent back to USC where 8§°C, §'°N and C/N of the organic
matter were planned to be analyzed. Due to the limited amount

TOC for every sample. All sediment samples were freeze-dried
by a Freeze vacuum dryer (model EYELA FDU-1200), then
ground and mixed well. The samples were placed in plastic bags
and stored in a refrigerator at 8°C until analysis.

2.2 iTRAX XRF Core Scan

The iTRAX XRF scan was performed at NTU with an iTRAX
core scanner (Li et al., 2015; Lowemark and Itrax operators,
2019). The core with smooth and flat surface was placed in
the XRF scanner which contains a digital optical RBG image,
a digital radiographic image, and a p-XRF elemental profile.
The scanning condition was using a Mo tube set at 30 kV and
30 mA, a sampling interval of 200 um and an exposure time of
40 s. For duplicating checks, the core was scanned twice along
two parallel tracks which are 3-mm apart. Elements including
Fe, Ca, Sr, K, Ti, Mn, Rb, Zn, Nj, Cu, Si, S, Cl, V, Cr, Co, Y, Zr,
Nb, Pd, Cd, In, Sn, Sb, Al, Ba and Pb were measured, but only
part of the elements provided meaningful results. The criteria for
selecting meaningful data are: 1. The maximum intensity of an
element during the entire scan should be greater than 200 counts
per second (cps); and 2. The correlation coefficient (R?) of the
element along the two duplicated tracks should be greater than
0.6. With such criteria, only Fe, Ca, Sr, K, Ti, Mn, Rb, Zn, Ni, Cu,
Si, CL, Y, Zr and Pb provide meaningful results.

2.3 219pb Dating

210pb dating method was originally established by Goldberg
(1963). 21Pb profile of a sedimentary sequence can be described
by the following equation:

of subsamples, we did not measure grain size, bulk density and 20pp =210pp, * e H =1"Pp, * e PIK (1)
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FIGURE 1| Location map of the study area. The red star shows the location of core SBB-8-2012 site in Santa Barbara Basin and the black dot indicates core
SPR0901-04BC location of Hendy et al. (2015). Blue arrows present cold and nutrient-rich current from north, whereas the orange arrows reflect warm and nutrient-
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FIGURE 2 | Picture, X-ray radiograph, lamination counting and 2'°Pb dating of Core SBB-8-2012. (A) Core photo during XRF scanning and sampling. The breaking
gap between 12cm and 13cm was formed during the transportation from USA to Taiwan. (B) Core photo after adjusted the depths to remove the breaking gap.
The lighter bands in the radiograph reflect the layers with less density. The brightest band at 34 cm indicates an organic rich layer in which all elemental contents by
ITRAX XRF scanning are low. (C) 2'°Pb profile of the core. The constructed ages are shown on the right-hand side of the plot. The red curve and black curve fittings
are using different ending depths of excess 2'°Pb, which result different sedimentation rates.

where 21°Pb, and 2!°Pb are the initial activity and activity at a
past time (or depth), respectively. A is the decay constant of 2!°Pb
(0.0311 yr?). D stands for depth in a sedimentary profile. SR
refers to the linear sedimentation rate. Taking logarithms to Eqn.
(1), we have:

Ln™Pb = Ln™"Pb,— A*D/SR ()

If 219Pb, and SR are relatively constant, the slope of Ln 2'Pb —
D should yield a linear sedimentation rate SR. This is the
fundamental concept of 2°Pb dating.

Since the subsample of the core was not enough for our
gamma spectrometry, 2°Po alpha method was used for the 2!°Pb
dating (Baskaran and Iliffe, 1993; Baskaran and Krishnamurthy,
1993; Li et al., 1996; Paulsen et al., 2003; Li et al., 2011; Kuo et al,,
2011; Yin et al., 2014; Zhao et al,, 2015; Yin et al., 2017; Zhao
et al,, 2017a; Yin et al, 2019). As a daughter product of 2°Pb
decay, 21°Po has a half-life of 138.38 days. Hence, within a couple
of years, 2I°Pb and 2°Po reach secular equilibrium. The 2!°Po
activity equals that of 21°Pb in the measured samples.

A total of 17 horizons from the 1-cm interval samples were
selected throughout the core for 2°Po dating in the AMS "C
dating Lab at NTU (the NTUAMS Lab) (Table 1). Each dry
sample of 0.3~0.5 g was spiked with 2®Po in a Teflon beaker and
dissolved by aqua regia on a hot plate at 95°C overnight. The
sample solution was evaporated to dryness, then added 4N HCl
to dissolve residues. The sample solution was transferred into a
centrifuge tube for the removal of any detritus. After centrifuge,
the supernatant was poured back into the Teflon beaker and
evaporated to dryness. Ten ml 1.0 N HCI was added into the

Teflon beaker to dissolve the sample. Then, transfer the sample
into a 50-ml plastic centrifuge tube. Ascorbic acid powder was
added to the solution until it became clear (yellow color would be
disappeared) in order to remove the influence of Fe. A silver disc
(0.8 cm in diameter) was placed at the bottom of the centrifuge
tube. The Po in the sample was self-precipitated onto the silver
disc within an 80°C water bath for 6 hours. After washing with
deionized water (DIW), the silver disc was counted for 2'°Po (5304
keV) and 2”Po (4884 keV) by an ORTEC alpha spectrometer at
NTU. Table 1 lists the 2°Po dating results.

2.4 AMS '“C Dating

Accelerator mass spectrometry (AMS) !C dating was
performed in the NTUAMS Lab at NTU with a 1.0 MV
Tandetron Model 4110 BO AMS. About 50~100 mg of dry
sediments were weighted for TOC "C dating and acid-
leachable element analysis. The sample was dissolved in
15 ml 0.5N HCI for removal of carbonates. Using pH paper
to check the solution, when pH<3, all inorganic carbons were
dissolved by the acid leaching. Centrifuging the sample and
washing the residue with DIW, and collecting the supernatant
for inductively coupled plasma-optical emission spectrometer
(ICP-OES) analysis. The residue was dried at 50°C. The
TOC of the dried residue sample was oxidized into CO,
under 850°C. Then, the purified CO, was made into graphite
following the description in Yang et al. (2017) and Zhao et al.
(2017b). Six samples (samples with # symbol in Table 2) were
used a different acidification treatment for AMS 'C dating.
For these samples, the sample was placed in a reaction vessel
on a vacuum line for CO, collection. The sediment sample in
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TABLE 1 | 29Pb dating results. The excess 2'Pb is determined by the 2'9Po at each layer subtracting the mean 2'°Po value averaged from the four 2'°Po values in the

deep part.
Sample ID Weight (g) Depth (cm) 219Po (dpm/g) Excess 2'°Pb
(dpm/g)
SBB-8 0-1 0.37 0.5 47.06+0.98 45.35+0.98
SBB-8 3-4 0.30 3.5 39.89+0.81 38.18+0.81
SBB-8 4-5.5 0.56 4.8 19.46+0.48 17.75+0.48
SBB-8 5.5-7 0.48 6.3 19.30+0.40 17.59+0.40
SBB-8 8-10 0.54 9.0 21.00£0.47 19.29+0.47
SBB-8 10-12 0.49 11.5 14.95+0.37 18.24+0.37
SBB-8 15.5-17 0.51 131 13.35+0.30 11.64+0.30
SBB-8 18-20 0.53 16.1 12.44+0.27 10.73+0.27
SBB-8 20-21 0.31 17.7 8.31+0.49 6.60+0.49
SBB-8 21-22.5 0.64 19.1 8.69+0.26 6.98+0.26
SBB-8 24-25 0.37 22.0 5.96+0.25 4.25+0.25
SBB-8 27-28 0.31 25.4 5.16+0.41 3.45+0.41
SBB-8 34-35 0.30 33.1 2.19+0.32 0.48+0.32
SBB-8 38-39 0.37 37.4 1.82+0.22 0.11+0.22
SBB-8 42-43 0.30 41.8 1.88+0.28
SBB-8 46-47 0.35 46.1 1.50+0.23
SBB-8 50-51 0.47 50.6 1.64+0.25

the reaction vessel was reacted with 1 ml of 100% H;PO, on the
vacuum line. After the CO, extraction of the total inorganic
carbon (TIC) in the sample was done, the collected CO, was
made into graphite for *C dating following the description
in Zhao et al. (2015). The residue in the reaction vessel was
collected into a centrifuge tube and washed by DIW. After
centrifuging, the residue was dried at 50°C. The TOC in
the dried residue was processed for '“C dating according to
the above description. In so doing, we can compare the *C
results of TOC and TIC from the same sediment samples. For
every batch of the samples, at least three oxalic acid standards
(OXII, SRM 4990C), three organic carbon backgrounds (BKG,
made from anthracite), three carbonate backgrounds (NTUB,
made from Upper Devonian limestone) and two known-age
inter-comparison samples (IRI, distributed by the University
of Glasgow) were processed in the same procedures and
measured with the sample targets.

One sample is animal cartilage (looks like a fish spine). This
sample was just cleaned with DIW, and placed into a 9-mm
size quartz tube with pre-combusted CuO powder. The tube
was sealed under a vacuum of 10> mbar, and then combusted
for 6 h at 850°C in a muffle furnace. The carbon from this
sample came from mainly organic components, so that we
classified its “C dating as TOC '“C dating. There are four
TIC *C dates of sediment samples (samples with @ symbol in
Table 2) and two 'C dates of a conch shell. These samples had
the same procedure for TIC “C dating as described earlier for
the samples with # symbol.

The AMS measured both "C/2C and 3C/"2C ratios on
all graphite targets. The AMS measurement was setup for
four cycles and each cycle contained 50 blocks (30 seconds
for every block). When the '“C counts in a measurement
cycle reached 40,000, the counting would stop. Therefore,
14C counts of OXII are normally greater than 40,000, with a
statistic error<0.5%. In general, the precision of the '“C dating
at the NTUAMS Lab is better than 3%.

The percent modern carbon (pMC) was calculated by
background corrected and *C/!2C fractionation corrected
14C/12C ratios between sample and OXII following the concept
and definition in Stuiver and Polach (1977); Kim et al. (2001) and
Stenstrom et al. (2011):

( e j
12
C s,bkg,corr
( e ]
12
C oxILbkg,corr

14 2x(25+8("C
( Cj : 1_ ( )s
s—bkg

pMC = x100%

IZC
- x100%  (3)

{“cj X(l_zx(zsw))
12
C oxI-bkg 1000

where “C/12C with subscripts of s,bkg,corr and oxII,bkg,corr
represents background and §'*C corrected *C/2C value of
sample and standard, respectively. The “C/!2C with subscripts
of s-bkg and oxII-bkg refers to background corrected “C/!2C
value of sample and standard, respectively. Note that §°C
correction for AMS *C dating must use 1*C/!?C measurement
on the AMS, but not §'*C measured by an isotope ratio mass
spectrometry (IRMS) because the isotopic fractionation is
different for the two processes. The §°C value of OXII is
-17.88%o (round to -18%o). §'°C value of a sample [5(**C)s]
determined by the AMS was calculated by equation (4):

e ( 18 J
oo | X[ 1=
C ) 1000
s_ {mcj
2
IC oxI

EXel 1000

—1|x1000%o (4)
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TABLE 2 | All AMS data uncertainties have 2o error.

Lab code (NTUAMS-) Sample ID Type Depth (cm) pMC (%) D'C (%o) “C age (year BP) Calendar year by >'°Pb dating (CE)
2772-2 SBB 0-0.8 TOC 0.4 93.57+1.21 -64.3+0.8 534+104 2011
4125-2 SBB 0-1cm TIC TIC 05 85.17+0.96  -148.3x1.7 1289+90 2010
3830 SBB 1.1cm TOC 1.1 90.58+0.91 -94.2+0.9 795+81 2008
2773 SBB 2-2.2 TOC 2.1 90.74+1.14 -92.6+1.2 781+101 2005
3831 SBB 3.1cm TOC 3.1 90.10+0.91 -99.0+1.0 838481 2001
3603 SBB 3-4cm TIC TIC 35 74.07+1.17  -259.3+4.1 2411£127 2000
3802 SBB 3-4cmTOC ~ TOC 35 88.09+0.93 -119.1%1.3 1019+85 2000
2774 SBB 4-4.2 TOC 4.1 92.60+1.18 -74.0£0.9 617+102 1998
3832 SBB 5.1cm TOC 5.1 88.50+0.93  -115.0+1.2 982+84 1994
4192 SBB 6.1 cm TOC 6.1 83.69+0.84 -163.1+1.6 1430+80 1991
3604 SBB5.5-7cmTIC  TIC 6.75  82.03x0.89 -179.7+1.9 159187 1990
3803 SBB 5.5-7cm TOC  TOC# 6.75  88.28+0.92 -117.2+1.2 1002+83 1990
3833 SBB 7.1cm TOC 7. 86.76+0.90  -132.4+1.4 1141483 1988
4194 SBB 8.1cm TOC 8.1 86.96+0.98  -130.4+1.5 1122490 1984
2776-1 SBB 8-8.2cm TOC 8.1 88.98+0.58  -110.2+0.7 938+53 1984
3834 SBB 9.1cm TOC 9.1 88.51+1.00 -114.9+1.3 98191 1981
27771 SBB 10-10.2cm TOC 10.1 91.53+0.59 -84.7+£0.5 71152 1977
2777-2 SBB 10-10.2cm TOC 10.1 92.42+0.58 -76.8+0.5 63351 1977
4126 SBB 10-11cm TIC  TIC 105 8521+0.69 -147.9+1.2 1286+65 1974
3870 SBB 11.1cm TOC 11.1 89.63+0.77  -103.7+0.9 879+69 1974
3871 SBB 12.1cm TOC 121 88.99+0.76  -110.10.9 937+68 1970
2778-1 SBB 12.2-12.4cm  TOC 12.3 86.90+0.56  -131.0+0.8 1128451 1970
2778-2 SBB 12.2-12.4cm  TOC 123 86.57+0.61 -134.3:0.9 1159+56 1970
2779-1 SBB 16.8-16.0cm  TOC 1569  856.26+0.58 -147.5+1.0 1282454 1968
4053 SBB 16.9cm TOC 169  71.84x0.76 -281.6+3.0 2657+85 1964
4015 SBB 17-18cm TIC  TIC 175 89.53+0.74 -104.7+0.9 888+66 1962
3872 SBB 18.1cm TOC 18.1 89.71+0.67  -102.9+0.8 872+60 1959
27811 SBB 19-19.2cm TOC 19.1 87.97+0.52  -120.3+0.7 1029+47 1954
3873 SBB 20.1cm TOC 201 86.28+0.67  -137.2+1.1 1185463 1950
2782 SBB 21-21.2cm TOC 21.1 85.28+0.561  -147.2+0.9 1279+48 1945
2783 SBB 23-23.2cm TOC 231 82.11+0.51  -178.9+1.1 1583+50 1937
3874 SBB 24.1cm TOC 24.1 85.02+0.65 -149.8+1.2 130462 1932
2681-1 SBB 25-25.2cm TOC 25.1 84.39+0.73  -156.1+1.3 136369 1928
2681-2 SBB 25-25.2cm TOC 25.1 84.64+0.73  -153.6+1.3 1340+69 1928
3072 SBB-25.5CM TOC 265  82.16x0.65 -178.5+1.4 1580+63 1926
3073 SBB-26.5CM TOC 26.5  81.33+0.63 -186.7+1.4 1660+62 1922
2680-1 SBB 27-27.2cm TOC 27.1 81.26+0.71  -187.4%1.6 166771 1919
2680-2 SBB 27-27.2cm TOC 271 80.19+0.69  -198.1+1.7 1774469 1919
3234 SBB 28.2~-28.4 TOC 284  77.83x0.43 -221.7%1.2 2014+45 1914
3235-1 SBB 28.6~28.8 TOC 287  79.79+0.37  -202.1x0.9 1814+37 1912
3285-2 SBB 28.6~28.8 TOC 287  80.12+0.38  -198.8+0.9 1781+38 1912
2679-1 SBB 29-29.2cm TOC 29.1 83.47+0.74  -165.3+1.5 1452472 1910
2679-2 SBB 29-29.2cm TOC 291 83.11+0.74  -168.9+1.5 148771 1910
3074 SBB-29.5CM TOC 205  83.16x0.71  -168.5+1.4 1482+69 1909
3236-2 SBB 30.2~30.4 TOC 303  80.50+0.40 -195.0+1.0 1743+40 1905
3237-2 SBB 30.6~30.8 TOC 307  80.58+0.47  -194.2+1.1 173447 1903
2678-1 SBB 31-31.2cm TOC 31.1 83.41+0.72  -165.9+1.4 1457+69 1902
2678-2 SBB 31-31.2cm TOC 31.1 82.24+0.79  -177.6+1.7 1570+77 1902
3238-1 SBB 31.6-31.8 TOC 314  79.39:0.58 -206.1+1.4 185454 1899
3238-2 SBB 31.6-31.8 TOC 31.4 80.79+0.52  -192.1+1.2 1713452 1899
3239-1 SBB 32.2-32.4 TOC 323  75.28:0.72 -247.2+2.4 228177 1896
3239-2 SBB 32.2-32.4 TOC 32.3 79.48+0.52  -205.2+1.3 1845+52 1896
3240 SBB 32.6-32-8 TOC 324  78.24:0.57 -217.6+1.6 1972459 1895
26771 SBB 33-33.2cm TOC 33.1 80.66+0.75  -193.4+1.8 1726+75 1893
2677-2 SBB 33-33.2cm TOC 33.1 81.31+0.783  -186.9+1.7 1662+72 1893
3241 SBB 33.8-34.0 TOC 339  79.23:0.56 -207.7+1.5 187156 1889
3605 SBB 34-35cm TIC  TIC 345  79.68+0.99 -203.2+2.5 1825+100 1888
3801 SBB 34-35cm TOC  TOC# 345  76.62+0.80 -233.8+2.4 213983 1888
3242-1 SBB 34.6-34.8 TOC 347  78.45:0.51 -215.5+1.4 1949+52 1886
3242-2 SBB 34.6-34.8 TOC 347  7814x052 -218.6+1.5 1981+54 1886
2676-1 SBB 35-35.2cm TOC 35.1 69.24+0.67  -307.6+3.0 295277 1884
2676-2 SBB 35-35.2cm TOC 35.1 68.79+0.64 -312.1+2.9 3006+75 1884
(Continued)
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TABLE 2 | Continued

Lab code (NTUAMS-) Sample ID Type Depth (cm) pMC (%) D'C (%o) 4C age (year BP) Calendar year by 2'°Pb dating (CE)
2675 SBB 35.5-37 TOC  Cartilage 36.25  93.78+0.83 -62.2+0.6 516+71 1881
3075 SBB-36.5CM TOC 36.5 79.06+0.61  -209.4+1.6 1888+62 1878
3606 SBB 38-39cm TIC 38.5 73.53+0.89  -264.7+3.2 2469+97 1869
3804 SBB 38-39cm TOC TOC 38.5 75.06+0.77  -249.4+2.6 2304+83 1869
3077 SBB-38.5CM TOC 38.5 76.04+0.62  -239.6+2.0 2201+66 1869
2674-1 SBB 38.5cm Conch  Shell 38.5 88.51+0.80 -114.9+1.0 980+73 1869
2674-2 SBB 38.5cm Conch  Shell 38.5 88.18+0.80 -118.2+1.1 1010+73 1869
3078 SBB-39.1CM TOC 39.1 79.91+0.62  -200.9+1.6 1802463 1867
3079 SBB-39.5CM TOC 39.5 77.64+0.62 -223.6+1.8 2033+64 1865
3080 SBB-40.1CM TOC 401 80.06+0.62  -199.4+1.5 1786462 1862
3875 SBB 41.1cm TOC 411 77.62+0.69 -223.8+2.0 2035+71 1858
3450 SBB 42.1cm TOC 421 72.71+0.80 -272.9+3.0 2560+85 1854
3876 SBB 43.1cm TOC 431 78.44+0.61  -215.6+1.7 1951462 1849
4054 SBB 43.9cm TOC 43.9 73.10£0.75  -269.0+2.8 2517+83 1846
4193 SBB 44.1cm TIC TOC 441 72.56+0.64  -274.4+2.4 2577+71 1845
3557 SBB 44.1cm TOC  TOC# 441 70.67+0.58  -293.3+2.4 2788+65 1845
3877 SBB 45.1cm TOC 451 80.25+0.70  -197.5+1.7 1768+70 1840
3452 SBB 46.1cm TOC 46.1 75.55+0.83  -244.5+2.7 2252+75 1836
3783 SBB 46-47cm TIC ~ TIC 46.5 77.47+0.94  -225.3+2.7 2051+98 1834
3828 SBB 46-47c¢cm TOC  TOC# 46.5 77.28+0.79  -227.2+2.3 2070+82 1834
3878 SBB 47.1cm TOC 471 78.57+0.70  -214.3+1.9 1937+71 1832
3453 SBB 48.1cm TOC 481 74.81+0.85 -251.9+2.9 2332+78 1827
4055 SBB 49.1cm TOC 491 69.66+0.80  -303.4+3.5 2904+92 1823
4056 SBB 49.9cm TOC 49.9 61.62+0.65 -383.8+4.1 3889+85 1819
3784 SBB 50-51cm TIC ~ TIC 50.5 77.58+1.02 -224.2+2.9 2040+105 1817
3829 SBB 50-51cm TOC TOC# 50.5 74.18+0.78  -258.2+2.7 2400+85 1817
3454 SBB 50.9cm TOC 50.9 73.88+0.81  -261.2+2.9 2432+81 1815

All total organic carbon (TOC) samples are treated by 0.5N HCI, except samples with # symbol. The samples with # symbol were extracted CO, by HsPO, first, then the samples
were used for TOC dating. In the NTUAMS Lab code, -1 or -2 following the code indicates that the sample has enough CO, to split two aliquots for making graphite target.

By Eqns. (3) and (4), pMC is obtained with background and 6**C
(to -25%o) corrections. D*C and apparent age of the sample were
calculated by Eqns. (5) and (6), respectively:

DHC = (% - 1) % 1000%bo (5)
100
pMC
Age(yr BP)=-8033xIn 6
ge()7 BP) ( 100 ©

We do not use A™C value which represents the activity ratio of a
sample (A,) to the atmospheric CO, (A,,,) without age correction
(Stenstrom et al., 2011), whereas A, refers to the hypothetical
specific activity of atmospheric carbon of year 1950. The
relationship between AC and D'"C can be described by Eqn.

(7):
AC = (DMC +10° )e(y—1950)/8257 +10° (7)

where y in Eqn. (7) is the measurement year. As this study
does not focus on the C variation in the atmosphere, there
is no need to use A*C. Furthermore, in order to show the age
difference between *C and 2'°Pb results, we also calculated the
14C ages. As these 1“C dates contain old carbon influences, there
is no meaning to provide the calibration dates. We will use the
apparent (measured) “C dates and D'C values for discussion.
All D¥C values and 'C dates are listed in Table 2.

2.5 Acid-Leachable Elemental Analysis

A total of 72 horizons from the core were subsampled for acid-
leachable elemental measurement. The sample weight ranged
from 48.45 mg to 325.15 mg with an average and standard
deviation of 96.34+51.11 mg (n = 72), implying a very limited
sample amount. These samples were leached by 15 ml 0.5N HCIL.
This procedure is not only for the removal of inorganic carbon
during TOC "C dating, but also for the dissolution of elements
that exist in authigenic (precipitated in water column) minerals
such as carbonates (both inorganically precipitated in surface
water and in biological shells) and oxides as well as absorbed
on the particle surface. This procedure does not affect organic
components and detrital phases in the sediments. The elements
in the solution are considered as an active portion which reflects
chemical conditions and productivity in the water column. The
sample solution was measured by a PerkinElmer (PE) Optima
8000DV ICP-OES in the NTUAMS Lab. Elements of Ca, Fe, Mg,
Ti, Al, Sr, Ba, Mn, Zn, Cr, Cu and Pb were selected for analysis.
The concentrations of all elements measured by ICP-OES need
to be calculated by the standard curves made from different
concentrations of the standard solutions. The standard solutions
were made from ICP multi-element standard IV (Certipur®
1.11255.0100) produced by Marck KaGaA, Germany. During
the ICP-OES runs, the standard solutions were measured with
the sample solutions multiple times. The correlation coeflicient
(R?) of intensity-concentration relationship for each element is
normally greater than 0.98. For the first three batches of ICP-OES
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TABLE 3 | Acid-leachable (0.5 N HCI) elemental concentrations in the sediments of Core SBB-8-2012.

Depth (cm) Age (CE) Ca Fe Mg Al Sr Mn
0.4 2011 31.48 13.81 11.78 2.86 267.44 131.97
1.1 2008 35.73 28.91 10.89 5.75 281.80 184.49
1.5 2007 11.61 20.49 11.91 6.44 201.76 348.50
21 2005 13.97 6.00 3.63 2.27 92.73 89.37
2.5 20038 27.74 15.91 9.00 6.37 164.02 177.86
3.1 2001 38.85 65.99 24.93 32.86 274.71 390.35
3.5 2000 17.84 22.94 9.24 6.95 115.28 203.96
41 1998 20.49 21.08 6.58 3.38 119.60 130.86
4.5 1996 32.10 27.85 9.45 5.76 201.96 200.17
5.1 1994 91.33 45.94 21.2 35.08 496.00 342.86
5.5 1993 36.52 19.37 8.93 6.63 203.82 239.92
6.1 1991 31.42 11.69 8.01 3.42 210.53 169.25
6.5 1990 39.80 19.69 9.88 7.70 213.82 223.12
71 1988 133.63 83.82 42.62 37.43 778.70 670.28
7.5 1986 38.04 17.93 9.95 6.70 200.02 179.61
8.1 1984 31.79 10.29 7.16 3.35 170.13 102.08
8.5 1983 4217 21.02 10.27 8.24 231.19 234.47
9.1 1981 114.21 56.27 28.62 23.99 661.25 465.58
9.5 1979 33.06 22.61 11.37 8.83 191.30 264.72
10.1 1977 29.80 19.18 7.84 3.86 165.90 149.85
10.5 1976 36.32 22.24 9.38 5.87 200.87 197.25
111 1974 48.03 17.73 7.44 3.63 265.32 94.24
1.5 1972 37.94 22.09 11.14 7.52 217.73 208.84
121 1970 44.90 10.48 6.76 3.70 267.26 77.96
12.3 1970 31.46 8.49 6.09 3.17 184.74 122.16
12.7 1968 24.66 7.63 5.55 3.12 141.33 1777
13.8 1964 58.53 35.49 14.56 9.33 335.37 226.32
14 1963 18.98 12.42 5.67 2.89 111.06 112.88
15.1 1959 27.32 18.52 6.50 3.68 150.79 99.09
16.2 1954 10.22 3.87 3.25 1.58 81.76 95.27
17.3 1950 33.22 15.49 8.92 5.21 185.75 158.07
18.4 1945 23.63 1117 5.43 3.20 122.78 100.06
20.6 1937 16.72 11.27 5.87 4.50 119.15 116.60
21.7 1932 39.49 14.02 7.27 4.44 224.64 127.90
22.8 1928 20.08 12.20 6.77 3.84 119.48 162.15
23.2 1926 20.40 22.01 10.73 8.82 131.83 239.61
23.9 1924 26.96 27.42 11.34 10.38 163.00 262.51
24.3 1922 34.10 28.62 10.99 9.06 193.13 244.20
24.9 1919 24.58 18.68 8.91 7.08 161.04 194.98
25.4 1917 36.48 28.14 12.5 10.4 182.72 253.78
26 1915 12.47 17.21 7.20 6.25 75.738 160.29
26.5 1913 26.01 26.60 9.50 8.76 151.70 205.88
271 1910 18.74 9.59 5.10 3.50 98.95 112.93
28.2 1906 14.53 12.15 5.81 4.59 91.20 157.52
29.3 1902 156.57 12.93 5.85 4.02 101.60 166.67
30.4 1897 23.24 29.89 9.50 9.96 136.92 216.41
31.5 1893 27.38 14.64 8.08 5.67 164.89 183.51
32.6 1889 25.03 21.91 10.67 9.35 154.85 226.90
33 1887 12.23 13.58 6.49 5.70 80.10 147.45
33.7 1884 19.11 17.46 10.98 7.42 121.35 206.02
34.1 1882 16.15 18.05 9.05 7.16 105.42 202.65
34.6 1881 28.70 25.90 11.97 9.25 160.09 244.21
35.2 1878 27.27 12.05 7.73 3.97 140.41 135.50
35.9 1875 14.45 14.66 8.92 3.59 91.42 147.14
36.3 1874 12.75 14.47 9.57 3.20 84.57 116.20
37 1871 8.98 9.46 6.19 2.36 60.95 124.48
37.4 1869 21.43 14.52 8.17 4.38 112.57 136.65
38.1 1867 26.8 11.78 7.80 5.86 197.02 148.66
38.5 1865 36.82 13.01 8.88 4.60 186.75 133.95
39.2 1862 40.36 11.08 8.16 4.04 199.70 124.88
40.3 1858 45.87 9.90 7.72 3.98 233.71 99.45
41.4 1854 29.21 4.49 5.42 2.50 218.52 105.91
42.5 1849 45.20 9.61 8.33 3.74 227.23 90.73
43.3 1846 87.51 25.4 18.46 10.00 450.54 229.61
(Continued)
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TABLE 3 | Continued

Depth (cm) Age (CE) Ca Fe Mg Al Sr Mn
43.5 1845 28.74 5.01 6.07 2.79 192.40 115.88
44.6 1840 52.37 11.81 8.50 3.52 256.73 112.35
45.7 1836 34.70 6.55 7.62 3.07 207.10 131.39
46.8 1832 48.89 9.49 7.20 3.27 255.56 99.41
47.9 1827 48.29 5.51 6.63 2.79 292.07 120.30
49 1823 72.04 15.91 12.22 5.46 341.97 187.91
49.9 1819 46.99 13.73 8.72 5.48 285.52 185.34
51 1815 36.16 6.04 6.51 2.61 230.67 107.08

The unit for Ca, Fe, Mg and Al is g/Kg, whereas the unit for Sr and Mn is mg/Kg.

runs, 1 ml sample solution was diluted with 9 ml 0.5N HNO,.
However, some heavy metal elements such as Zn and Pb
were not detectable. In the final run, 5 ml sample solution
was diluted with 5 ml 0.5N HNO,. But, the intensity of Ti,
Ba, Zn, Cr, Cu and Pb were still low, and might contain some
memorial effects from the 100 ppm (mg/L) standard solution
during the measurement. Therefore, the measurements of

those elemental concentrations may not be reliable. For Ca,
Fe, Mg, Al, Sr and Mn which have high concentrations and
sensitivities for the ICP-OES measurements, their results
should be reliable for discussion. For these elements, the
detection limit is about 1 ppb with precision normally
better than 2%. Table 3 lists the concentrations of the
acid-leachable elements.
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3 RESULTS

3.1 Sediment Features of the Core

The sediments of the core are generally fine clay in size with an
average TOC of 3.82% and dry bulk density of 0.85 g/cm?>. The
core sediments show clear laminations on the X-ray radiograph
(Figure 2B) with lighter bands reflecting less dense, organic-rich
layers. An outstanding light band appears at 34-35 cm depth. The
sediments of the core can be classified into three zones: Zone I
(35-51 cm depth), the sediments had higher density with thinner
lamination. Zone II (12-34 cm depth), the sediments became less
dense (increasing light intensity in the radiograph) with clear
laminations. Between 26 cm and 27 cm depth, a visible brownish
band existed, which was probably caused by a high concentration
of Fe oxide (scanning XRF results in Figure 3 show the evidence).
In this zone, the sediments contain some white materials (light
spots shown in Figure 2B), but they are not carbonates because
acid-leachable elements especially Ca, Mg and Sr do not show
high concentrations. Zone III (0-12 cm depth), the sediments
in this zone have darker color and thick laminations. As we will
discuss them in later sections, the criteria for dividing the core
into 3 zones are based on four reasons: (1) changes in the D**C
trend; (2) changes in the elemental contents; (3) two outstanding
depositional layers: one is at 12-13 ¢cm and the other is at
34-35 cm; and (4) changes in the sedimentary features including
color and thickness of laminations as described above.

3.2 Chronology of the Core

The radiograph generated by the iTRAX core scanner allows us
to count laminations of the sediments using a computer software
called ItraxPlot (https://www.raddec.com/software-itraxplot.
php). The counting result indicates that the sediment core has
158 contrast (a dark and light couplet) layers (Figure 2B). If the
laminations are annual, then the sediment core contains 158
years with a mean sedimentation rate of 0.32 cm/yr. However, the
varve counting may not be accurate and its annual assumption
may not be valid. Thus, we applied 2!°Pb dating to the core.

The total 21°Pb activity in the core ranges from 47.06 to 1.50
dpm/g, with an exponential decay trend from the surface toward
to bottom (Figure 2C). The 2!°Pb activities at 4-7 cm depth are
slightly low, perhaps due to lower initial 2!°Pb activity in the input
materials. The 2!°Pb activities below 37 cm depth (ranging from
1.5 to 1.88 dpm/g) are relatively invariant, reflecting supported
210Pb activity. Hence, we use the average of the four deepest 2!°Pb
activities to represent the supported 21°Pb which is 1.71 dpm/g.
The excess 21°Pb value of each layer equals the total 2'°Pb value
subtracting the supported 2!°Pb (Table 1). Using exponential
fitting of the excess 2!°Pb with depth, we get an equation of y =
64.857*e- 01424x 'The sedimentation rate (SR) is 0.22 cm/y. Based
on this sedimentation rate, the 51-cm long core would cover
about 230 years of depositional history, which is significantly
longer than the varve counting result (158 years). In fact, 2!°Pb
dating has about 5% uncertainty, especially depending on
the determination of the ending point of the excess !°Pb. For
example, if we decide the ending point of excess 2!°Pb is at 33-cm
depth instead of 37-cm, the fitting curve (black line in Figure 2C)

provides a sedimentation rate of 0.26 cm/yr, which gives 196-year
depositional history. Nevertheless, based on the 2°Pb dating,
the sedimentation rate is around 0.22~0.26 cm/yr. In addition,
since the 2!°Pb dating assumes a constant sedimentation rate and
constant initial 2°Pb concentration, the conditions may not be
valid. Therefore, we need to further refine the chronology of the
core.

Hendy et al. (2015) published elemental contents measured
by both scanning XRF and ICPMS analyses of bulk elemental
concentrations in the sediments of Core SPR0901-04BC (34°16.7’
N, 120°02.49° W, 588 m) which had a close location to our core
(Figure 1). This core covers a sedimentary history of 1755-2008
CE. The chronology of this core was determined by “the distinctive
changes in the sedimentary fabric of SBB cores created by the
strong El Nifo events of 1941, 1957, 1983, and 1997”, “the gray
layer at 1761 AD, the turbidite at 1811 AD, and the bioturbated
Macoma event at 1841 AD” and varve chronology (Hendy
et al,, 2015). Although this core did not have direct radiometric
dating, the historic events and varve chronology recorded in the
sediments made its chronology with an error of +2 years around
those controlling points (Hendy et al., 2015). Comparison of the
scanning XRF results between Core SPR0901-04BC and Core
SBB-8-2012 can help us to refine the chronology of SBB-8-2012.

In Figure 3, the lower panel shows the profiles of the first
principal component (PCl, which explains 45.5% of the
elemental variance in the core) of scanning XRF elements which
include Al, Fe, K, Rb, Si and Ti) and Fe variations measured by
both scanning XRF and ICP-MS during 1755-2008 CE (Hendy
et al., 2015). The upper panel displays the profiles of Fe, K, Rb
and Ti measured by scanning XRF in Core SBB-8-2012 with
depth. First of all, scanning XRF measurement of the elements
should be the total elemental content of all types including
organic, authigenic and detrital phases in the materials within
a few hundred micrometers (um) (the penetration depth of the
X-ray). Since scanning XRF is semi-quantitative in nature, the
XRF elemental content cannot represent the total elemental
concentration measured by ICP-MS in the sediment, and the
latter should be the true elemental concentration. Secondly, the
XRF scan has a very high-resolution (200 um sampling interval),
whereas the ICP-MS measurement has much lower resolution in
general (1 cm sampling interval for the lower panel in Figure 3).
Thirdly, once a core opened to air, oxidation of the surface
sediments will allow some oxidation of reduced compounds
(e.g., FeS can be oxidized to produce Fe,O,). Therefore, for the
scanning XRF elements which can be influenced by the oxidation
(e.g., Caand Fe), discrepancies between XRF and ICP-MS trends
are understandable. However, the variation trends of Fe, K, Ti,
Rb and Al measured by both scanning XRF and ICP-MS in Core
SPR0901-04BC agree with each other in general (Hendy et al.,
2015), indicating that the XRF results of these elements reflect
variations of the total elemental concentration. The variations of
scanning XRF K, Rb, Ti, Mn and Si in Core SBB-8-2012 are very
similar each other (Si is plotted in Figure 5). Aluminum content
in our core is very low (the maximum intensity is less than 50
cps), so it is excluded in the discussion. Therefore, we compare
Fe, K, Rb, Ti and Si contents in Core SBB-8-2012 with the PC1
and Fe in Core SPR0901-04BC.
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Figure 3 shows the comparison of the two cores. Only two
major similarities are certainly identified: (1) variations of K,
Rb and Ti in the upper 12 cm (0-12 cm) of SBB-8-2012 are
similar to the variations of PC1 during 1969-2008 in SPR0901-
04BC; and (2) the high K, Rb and Ti contents below 36 cm
depth in SBB-8-2012 are similar to the PC1 XRF elements in
the massive olive layer during 1812-1840 in SPR0901-04BC.
As we mentioned before, the sediment was broken at 12.5 cm
depth during the transportation from USC to NTU, perhaps
due to the sudden change in the sedimentary feature at this
depth. The flood event of 1969 had been recorded in the
sedimentary deposits of SBB (Schimmelmann et al., 2013).
According to the report of Santa Barbara County Flood Control
& Water Conservation District (https://www.countyofsb.
org/uploadedFiles/pwd/Content/Water/1969FloodRpt.pdf),
severe flood events occurred in 1964, 1967 and 1969, but “the
1969 12-hour rainfall equaled or exceeded the so-called 100-
year storm in the upper Santa Ynez watershed”. In addition,
the Santa Barbara oil spill occurred in January and February
1969, which is the third-largest oil spill in the world (Foster
etal., 1971). The severe oil spill in the Santa Barbara Channel
could have affected sedimentation. Thus, possibly the 12.5-cm
depth break may reflect the 1969 flood event and oil spill. If we
use 2011 CE for the core top and 1969 CE for 12.5-cm depth,
an estimated mean sedimentation rate can be calculated:
12cm/(2011-1969) = 0.29 cm/yr, which is slightly higher than
the 0.22-0.26 cm/yr estimated by the 2!°Pb dating. According
to Figure 3, the PC1 XRF elements in SPR0901-04BC during
1770-1810 were very low. A strong drop in the PC1 XRF
elements from 1815 to 1805 does not appear in the K, Rb and
Ti in SBB-8-2012. If we assume the bottom of SBB-8-2012 is
1815 CE, then a mean sedimentation rate can be calculated:
(51-12)/(1969-1815) = 0.25 cm/yr, which agrees with the 0.22-
0.26 cm/yr estimated by the 2!°Pb dating. We did not find gray
layers identified in SPR0901-04BC. Although K, Rb and Ti
contents in Core SBB-8-2012 show a peak value around 30 cm
depth, this peak is not very outstanding and does not exist
in Fe content. Thus, the above-mentioned age marks: (A) the
1969 flood event and oil spill at the 12-cm depth break and (B)
1815 CE at the bottom of Core SBB-8-2012 help us to further
constrain the chronology. With the lamination and the ?'°Pb
dating estimations, we use a 0.29 cm/yr sedimentation rate
for 0-12 cm and 0.25 cm/yr for 12-51 cm for constructing
the chronology of the core. According to Inman and Jenkins
(1999), the suspended sedimentary flux to SBB during the wet
25 years of 1969-1995 was five times greater than the previous
25 dry years (Schimmelmann et al., 2013). It is reasonable that
the sedimentation rate in Zone III was higher. Nevertheless,
based on the two sedimentation rates we calculate the
chronology of the core which shows on the right-hand side
of Figure 2C. The core contains a depositional history from
1815 CE to 2011 CE. We admit that the chronology assumes
linear sedimentation rates in the segments and contains about
5% relative uncertainty. The chronology has an error of 1-2
years for the upper 12 cm deposition, and an error of 2-5 years
between 12 cm and 51 cm depths.
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FIGURE 4 | The measured “C ages of all samples in Core SBB-8-2012. The
two parallel dashed lines indicate the envelope of general variations of the
measured “C ages on total organic carbon in the sediments except for three
outstanding horizons.

3.3 “C Age and D'*C;,¢ Variation

of the Core

Table 2 lists 89 AMS 'C dates. Amongst these dates, 77 dates
are for TOC and 12 dates are for TIC. These “C ages range from
516£71 to 3889+85 yr BP, much older than the depositional ages
of 1815-2011 CE. Of the 77 TOC dates, one is animal cartilage
and 13 dates are duplicated measurements on the sediments from
13 horizon samples. The duplicated measurements illustrate that
the results are in good agreement within uncertainties, indicating
the dating results are reliable. In the 12 TIC dates, 6 TIC dates are
coupled with TOC dates from the sediments. They are generally
in the same order of their coupled '“C;,. dates, reflecting
approximately similar sources of TOC and TIC in the sediments.
Two “Cyy dates are from the same conch shell sample, showing
agreement within uncertainties (Table 2). Four C,, dates
(marked with @ symbol in Table 2) are from independent
layers, showing the *C ages ranging from 888+66 to 2577+71
yr BP. In this study, we will focus on the discussion of “Cyq
dates. Therefore, the *Cyq dates from 62 horizons from the core
will be used for interpretations of changes in paleoclimate and
paleoceanography and the input of different sources of TOC to
SBB.

Figure4 displays the variations of apparent “Cages throughout
the core. The age of the cartilage is the youngest, being 516+71
yr BP without reservoir age correction. However, the true age
of this animal remain should be around 1880 CE based on the
210pb dating and varve counting. This means that if the organism
formed in the water column in SBB, the basin water should have
a 1*C reservoir age of at least 400 years which is much older than
the reservoir age (233160 years) of modern surface water in SBB
(Ingram and Southon, 1996). The age of the conch shell is about
980~1010 yr BP, reflecting again the reservoir effect in the Santa
Barbara Basin. These two ages imply that the reservoir age in SBB
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may vary largely on annual-to-decadal time scales. It is interesting
that the “C, . ages varied generally within the two paralleled
dashed lines shown in Figure 4 except for the three layers which
have much older ages. The dashed line on the younger side covers
the ages from 2000 yr BP at the bottom of the core to 500 yr
BP on the core top. As the depositional age of the total core is
200 years, radioactive decay could not cause such a change. If
the TOC of the samples on the younger side of the dashed line
reflects primarily the organic matters mixed from terrestrial
input (allogenic/allochthonous) and from endogenic input
(autochthonous) through photosynthesis in the water column of
SBB, then the significant age change (~1500 years) implies that
either the reservoir age of the SBB water varied a lot during the
past 200 years, or the ratio of allochthonous/autochthonous OC
input has changed significantly and systematically. Nevertheless,
the variations of the “C ages shown in Figure 4 demonstrate that
radiocarbon dating on either organic or inorganic carbon formed
in the water column of SBB is problematic. Only terrestrial plant
remains in the sediments appear as a valid way to provide “true”
depositional ages in SBB.
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FIGURE 5 | Comparison of the variations in D*C;q. values and the scanning
XRF elemental contents in Core SBB-8-2012. In general, more depleted D*C
value corresponds to higher siliciclastic elements (K, Ti, Si, Mn and Rb) and
lower biogenic proxies (Ca/Ti, Sr/Ti and Fe/Ti); and vice versa. The dashed
vertical lines with open arrow refer the periods of more depleted D'“C value,
whereas the dashed vertical lines with solid arrow show the intervals with less
depleted D'*C value.

Since the C ages do not provide age meaning and our
discussions focus on the *C variation of TOC, we use D*Crq
values for further discussion.

3.4 Elemental Contents Measured by
Scanning XRF

As the fore-mentioned scanning XRF elements represent total
contents of all phases including organic, authigenic and detrital
components. The elements which have meaningful results (by
meeting the two criteria) show the intensity in the following
order with their average intensity (cps) in the bracket: Fe
(51206) > Ca (4771) > Sr (2399) > Cl (1241) > K (1015) > Ti
(919) > Rb (597) > Zn (352) > Zr (235) > Mn (213) > Ni
(205) > Y (192) > Cu (144) > Si (138) > S (82) > Pb (50). In this
study, we only select Fe, Ca, Sr, K, Rb, Ti, Si and Mn for discussion.

The K, Ti, Rb, Si and Mn are lithophile elements that mainly
come from terrestrial detrital input (Goldschmidt, 1926).
However, Si and Mn can also be influenced by diagenesis and
biogenic input. Figures 3, 5 show the variations of K, Ti, Rb, Siand
Mn are positively correlated, indicating that they likely have the
same sources. The correlation coefficient (R?) between K and Ti,
Si, Mn, or Rb are 0.96, 0.84, 0.91 and 0.74, respectively, implying
that the scanning XRF Si and Mn were mainly from detrital
input. These elements were considered as siliciclastic elements
and grouped in PC1 by Hendy et al. (2015). Since Ti is commonly
attributed to terrigenous inputs in pelagic sediments, we can use
it to normalize for siliciclastic input. The lithophile elements (K,
Ti, Si and Mn) appear different average contents: high in Zone
I, low in Zone II and moderately high in Zone III. For example,
the average intensities (cps) with standard deviation (numbers
of data points) of K content are 1190+120 (n = 755), 867+136
(n=1019) and 1044+208 (n = 633) in Zone I (1815-1880 CE), II
(1880-1969 CE) and III (1969-2011 CE), respectively. Similarly,
the average intensities of Ti content are 1071+109, 789+139
and 947+212 in Zone I, II and III, respectively. The changes in
the average contents of the lithophile elements in three zones
indicate that the terrestrial detrital input to the sediments was
the highest in Zone I and the lowest in Zone II, which helps us in
understanding of the D*C, change of the core.

Although Fe, Ca and Sr are also lithophile elements, but
their contents in the sediments can be influenced by the
chemical and biological conditions in the water column. These
elements can have significantly authigenic compositions
compared with the detrital compositions. For example, Ca and
Sr are easy to co-precipitate into carbonates, resulting a strong
positive correlation between the two. However, the scanning
XRF Ca and Sr do not have a strong correlation (R? = 0.4),
although the variations of the two are very similar (Figures 5,
6). As mentioned before, oxidation (e.g., FeS, + O, > Fe,0O,
+ H,S) of the scanned surface sediment layer when the core
opened to the air for long time could affect some scanning
XRF elements including Fe, Ca and Sr. Interpretations of the
XRF Fe, Ca and Sr results should be caution. The Ca/Ti and
Sr/Ti are considered as indicators of biogenic components
to be normalized for the siliciclastic input (Hendy et al,
2015). Their variations are dominated by the variations of Ca
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and Sr intensities. The higher Ca/Ti and Sr/Ti reflect a stronger
productivity.

The variations of Ca/Ti and Sr/Ti shown in Figure 5 vary
generally opposite to the siliciclastic elements (K, Ti, Si and Mn),
indicating a higher portion of biogenic component corresponding
to the lower siliciclastic component. It is interesting to see that
less depleted (or less negative) D'*C values correspond to higher
Ca/Ti and Sr/Ti values; and vice versa (Figure 5). This means
that more OC formed in the water column and less old carbon
from siliciclastic source lead to smaller '“C reservoir age. In
general, Ca/Ti and Sr/Ti values were high in Zone II, especially
several high Ca/Ti peaks, reflecting strongly increased biogenic
input into the sediments. These changes should reflect variations
in the chemical and oceanographic conditions in SBB.

Although Hendy et al. (2015) considered Fe as a siliciclastic
element and used Fe/Ti as a proxy of terrigenous input, Fe can
be strongly affected by redox conditions in the environment.
The Fe profile in Figures 3, 5 shows that the highest content
throughout the core was around 1910 CE, whereas other
scanning XRF elements were low. The high Fe content in this
period is also visible in the core photo, showing the brown band.
In Figure 5, Fe/Ti shows totally different patterns with the other
siliciclastic elements: low and relatively invariant values in Zone
I, high and strongly fluctuated values in Zone II, and moderately
high and variant values in Zone III. The Fe/Ti values in Zones II
and III clearly co-vary with Ca/Ti and Sr/Ti but opposite to the
siliciclastic elements, reflecting biogenic input into the sediments.
This situation is quite different from the Fe variations in Core
SPR0901-04BC (Hendy et al., 2015). Nevertheless, we are not
able to use Fe or Fe/Ti variations as an indicator of siliciclastic
input given by Hendy et al. (2015). Instead, the Fe/Ti in Zones II
and III together with probably Ca/Ti and Sr/Ti reflected biogenic
input into the sediments. Another reason for the Fe profiles
discrepancies between our core and Core SPR0901-04BC may be
attributed to the oxidation effect of Core SBB-8-2012 as it opened
to the air for many years. If it is true, the scanning XRF Fe/Ti and
Ca/Ti do not represent the original situation in the sediments.

To avoid the oxidation effect, we use Sr/Ti only as an indicator
of biogenic input.

Another important phenomenon is that all XRF elements
were the lowest in the light band at 34-cm depth (around 1885
CE). This light band showed a strongly depleted D**C, value
(Figure 5) with the lowest contents of all scanning XRF elements
and less density, indicating that this layer may be enriched in
organic matter. Although we do not know the cause of this organic
rich layer, a few historic references may provide insight on this
event. According to the timeline of Santa Barbara (https://www.
santabarbaraca.gov/services/community/historic/historysb/
timeline.asp), crude oil was first extracted from the Santa Barbara
Channel along the coast at Summerland in 1886. Another
unusual observation was that a large abundant kelp forest about
300 yards off Santa Barbara coast in 1887 (Fewkes, 1889), which
occurred in other places along the coast of Southern California.
Schimmelmann et al. (1995) interpreted this as evidence that no
severely destructive storm and wave events has occurred in Santa
Barbara for a few years prior to 1887 CE. Less terrestrial detrital
input due to less surface runoff and highly abundant marine
productivity caused by some oceanographic condition changes
agree with our results. Whether there was a significant influence
from the first extraction of crude oil in the Santa Barbara
Channel is unclear. Nevertheless, the scanning XRF elemental
contents will help us in understanding the paleoclimate and
paleoceanography change on annual-to-multidecadal scales.

In summary, the siliciclastic elements (K, Ti) reflect mainly
terrigenous input from the river inflow around SBB, whereas
Ca/Ti, Sr/Ti and Fe/Ti reflect chiefly biogenic input from the
marine system in SBB. The two groups have generally opposite
trend, and higher values of the siliciclastic elements and lower
values of biogenic indicators correspond to less depleted (larger)
DUCy values; and vice versa. In this study, (K+Ti)/2 is used
for terrigenous input, whereas Sr/Ti is used for biogenic input.
The sediments of Core SBB-8-2012 showed significant changes
in terms of geochemical and biological features from Zone I to
Zone 1I after an organic-rich layer was deposited around 1885
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CE (34-35 cm depth) with more terrigenous input in Zone I and
more biogenic input in Zone II.

3.5 Acid-Leachable Elemental
Concentrations Measured by ICP-OES

The ALE concentrations of Ca, Fe, Mg, Al, Sr and Mn were listed
in Table 3. Their average concentrations (mg/Kg) with standard
deviations are in the following order: Ca (34299+21926) >
Fe (18655+13279) > Mg (9685+5738) > Al (6835+6753) > Sr
(202+120) > Mn (180+94).

Figure 6 exhibits the ALE concentrations of Ca, Mg, Sr, Fe and
Mn and comparisons with the scanning XRF results in the core.
The ALE Ca and Sr have a strong correlation (R? = 0.95), indicating
the same source inputs and similar chemical behavior between the
two. The same feature does not occur between the scanning XRF
Ca and Sr. This is because the ALE Ca and Sr come mainly from
authigenic phase, whereas the scanning XRF Ca and Sr count for
both authigenic and detrital phases. The correlations (R?) between
ALE Fe and ALE Mg, ALE Al or ALE Mn are 0.86, 0.85 and 0.83,
respectively, showing that they come from the same sources. The
ALE Fe, Mg, Al and Mn have no significant correlations with
the ALE Ca (R%< 0.5) except for five high Ca points (>60 g/Kg),
indicating that these five layers contain abundant elements from the
authigenic input. In addition, Zone I had the lowest ALE Fe, Mg, Al
and Mn, but moderately high ALE Ca and Sr. This means that the
sediments in Zone I have more siliciclastic feature because detritus
contain less ALE Fe, Mg, Al and Mn.

The comparisons of the scanning XRF contents and the ALE
concentrations of Ca and Sr show significant discrepancies in
terms on long and short time scales. The ALE concentrations
of Ca and Sr were relatively low in Zone II, while the scanning
XRF Caand Srdid not show this. Secondly, several distinct ALE
Ca and Sr peaks (i.e., around 1822, 1849, 1982, 1994 and 1999)
were not corresponding either to scanning XRF Ca and Sr or
Ca/Ti and Sr/Ti. As mentioned before, scanning XRF involves
a measured element in all phases, with a matrix effect, very small

scan area and semi-quantitative nature. It is understandable that
the scanning XRF results may not have relationship with the ALE
elements. However, the peaks of ALE elements should reflect
oceanic conditions for higher productivity, while the troughs
of ALE elements may correspond to low productivity periods.
The variations of the ALE concentrations will shed the light on
chemical and biological conditions in the water column of SBB.

4 DISCUSSIONS

4.1 Factors Influencing D'4C Variation in
Core SBB-8-2012

OC in the sediments of the SBB depo-center comes from three
possible major sources: (1) biological products in the marine
system of the Santa Barbara Channel (Thunell, 1998; Barron and
Bukry 2010); (2) terrestrial inputs from surface runoff which
comes mainly from the Ventura River, Santa Clara River and
creeks in the Santa Ynez Mountain drainage basin (Kolpack and
Drake, 1984; Thunell et al., 1995; Schimmelmann and Lange,
1996); and (3) fossil OC from leakages in the marine system (e.g.,
oil spill in surface water; gas and oil are seeping from oil seepage
such as from the Coal Oil Point seep field) (Hornafius et al.,
1999) and/or lateral transported sediments from other locations
inside or outside of SBB (Figure 7).

The 'C activity of the first OC source which is produced in the
SBB water column is influenced by (1) the atmospheric *C variation
and CO, exchange with the water; (2) variation of oceanic circulation
in the SBB channel; and (3) fossil C emission from the seafloor. In
general, the D'C of the atmospheric CO, is much greater than that
of the fossil C emission which is -1000%o. The atmospheric D**C
at 1950 CE was 0%o and strongly increased due to nuclear tests
(reached to 785%o in North Hemisphere in 1964) (Hua et al., 2013).
The nuclear bomb *C signal reached a peak during 1970~1976 in
the ocean (Grottoli and Eakin, 2007). The highest A*C value was
~140%o in 1974 in the Atlantic coral (Druffel, 1996), and was ~190%o
in 1975 in the Pacific coral (Andrews et al., 2016), showing the
bomb *C significantly affected the *C reservoir age in oceans.

Atmosphere
Photosynthesis

Modern C

Modern C reaction

Methane oxidation

Influencing factors on variations of 14C; and 4C;,; in SBB

Variation of ocean currents
and mixing

Old carbon

Terrestrial input
Old carbon

Old C from sediments

Old 14C in pore water

FIGURE 7 | A conceptual box model of the influencing factors on the carbon cycles in Santa Barbara Basin.
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On the other hand, fossil carbon input in SBB is a well-known
phenomenon. The Coal Oil Point seep field located at near shore
of SBB is one of the largest natural submarine hydrocarbon
emission areas in the world (Allen and Mikolaj, 1970; Valentine
etal., 2010). Methane and crude oil are emitted from the seafloor
(Hornafius et al., 1999). Most of the emitted hydrocarbons are
consumed by methanotrophic bacteria in surface sediments or
in the water column (Treude and Ziebis, 2010). The fossil carbon
emission from the seafloor in SBB may vary with tidal changes
and/or seismic activity (Hornafius et al., 1999; Eichhubl et al.,
2000; Boles and Clark, 2001).

According to Kennett et al. (1997), the oceanic circulation
in the Santa Barbara Channel influences *C activity of the
marine reservoir as follows: The “C-depleted California current
and associated southern California Eddy flow southward, and
bring cold and low salinity water dominated in the winter-
spring season (Figure 1). In contrast, the California counter-
current flows northward and transports the relatively C-rich,
warm and saline equatorial water along the southern California
coast during the summer-fall season (Figure 1). This annual
circulation pattern and upwelling of Pacific intermediate water
along the California coast can be modified by summer insolation
change (Bakun, 1990; van Geen and Husby, 1996), and ENSO
events (McGowan, 1984; Rassmusson, 1984; Ramage, 1986) on
interannual scales.

Although many previous studies have found the anomalies of
marine *C reservoir age in SBB (e.g., Ingram and Kennett, 1995;
Kennett and Ingram, 1995; Kennett et al., 1997; Roark et al.,
2003; Schimmelmann et al., 2006; Hendy et al., 2013; Du et al,,
2018), those studies are generally for long time scales (>1000
years). Below, we will discuss the variations of D!C, and their
causes during 1815~2011 CE. We will focus our discussion on
ENSO influences.

4.2 Causes of Strong Depleted D'*C
Excursions in Core SBB-8-2012

In Figures 4, 5, the three negative D'*C,. (old age) excursions
around 1964-69, 1884-87 and 1819-20 CE could be attributed
to “extra old carbon influence” The DMCy. values of these
excursions exceeded significantly the general variation envelope
(two paralleled dash lines), so that their old carbon influence
should be caused by some abnormal reasons. For the youngest
excursion, one reason could be the oil spill event in 1969. During
a 10-day period in early 1969, about 4 million gallons of crude
oil spilled into the Santa Barbara Channel after a blowout six
miles offshore on a Union Oil drilling platform (Foster et al,,
1971). This disaster is the third largest oil spill in the world up
to date. Organisms and particles could take up the oil to deposit
on the seafloor, so that the D'Cy of this layer could be strongly
influenced by the oil. In addition, as we discussed above, flood
events in 1964, 1967 and 1969 (especially the 1969 flood) could
transport larger portion of old OC in terrigenous sediments in
the TOC of this layer. Soil OC from terrestrial input may have
14C age of several thousand years or older than the date of their
erosion and deposition. Thus, strong flood events may carry
those soil OC into the SBB sediments. The peaks of the lithophile

elements in the same layer shown in Figure 5 support the flood
impact.

For the 1884-87 excursion, the strongly depleted D'Cyq¢
occurred on the layer of organic rich and minimum
concentrations of all scanning XRF elements (Figure 5). The
low scanning XRF elements reflect that the depleted DMCy .
should not be attributed to flood events. Two possible events may
explain the old carbon influence: 1. Possible sudden short leak of
fossil carbon from the Coal Oil Point seep field during the first
extraction in 1886; and 2. Strongly increased upwelling from the
Pacific deep water entered the basin, which might bring abundant
nutrients to cause a surge of biological productivity in SBB,
reflected by a large abundant kelp forest along Santa Barbara coast
in 1887 (Fewkes, 1889). The *C activity in the Pacific deep water
should be much lower than that of surface water. The abundant
OC deposited in the sediments can be preserved due to anoxic
conditions on the seafloor of SBB. The above hypothesis needs
more direct evidence to support it, especially the reconstruction
of upwelling strength during this period. Analysis of the organic
compounds in this layer would help reveal its source.

The 1819-20 excursion in the DC, may be explained by the
strong input of soil OC into the SBB sediments as the scanning
XRF Si, Ti and K (detrital origins) showed high contents
in this layer (Figures 5, 9). In addition, if the 1812 Ventura
earthquake (also known as the Santa Barbara earthquake) (7.1-
7.5 magnitude) caused strongly increased fossil carbon leakage
from the Coal Oil Point seep field (Eichhubl et al., 2000), then
the leaked fossil carbon could be consumed by methanotrophic
bacteria and deposited in the sediments in this layer, given the
chronology has an uncertainty of several years in this part.

4.3 The D'*C;oc Changes in

Different Zones

The DMCy variation shown in Figure 5 has experienced three
different features. If the D'*Cyq value at 35-35.2 cm is excluded
as this sample is unlike some sediment samples (organic rich),
the mean D™Cyo. values and their standard deviations for
Zone I, II and III are -247.0+44.4%o (n = 22), -181.9+34.1%o
(n =34) and -119.74+45.2%o (n = 21), respectively. Since the core
sediments have only about 200-year history, 1“C decay (half-life
is 5730 years) should not cause such a large difference. In Zone
I (1815~1880 CE), the maxima D™Cyq. values (ca. youngest
ages) are around -201.8%o (-197.5%o at 44.6 cm, -199.4%o
at 39.2 cm, -200.9%o at 38.1 cm and -209.4%o at 35.5 cm), no
apparent enrichment trend (referred by a horizontal dash line in
Figure 5). The much smaller (lower, or lighter) average D**C
value and relatively constant maximum D"C. value of Zone I
indicate that the OC in the sediments during this period contains
more old carbon influence and the carbon reservoir effect of the
marine system may be larger. The scanning XRF K, Ti, Siand Mn
were higher in Zone I, which provides evidence of more soil OC
from terrigenous sediments (Figure 5). Other two contributions
to the lower mean D'"C, value in Zone I could be: (1) higher
emission flux of fossil carbon from the Coal Oil Point seep field
compared to the later periods since the extraction of the fossil
fuel began in 1886; and (2) lower marine productivity compared
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to the later periods. The second hypothesis can be seen in
low values of Ca/Ti, Sr/Ti and Fe/Ti which are indicators
of biogenic components in the sediments. For the first
hypothesis, more studies on the OC budget in SBB are needed.

In Zone II (1885-1969 CE), the D**Cq value has smaller
variations and show an apparently increasing trend. The
D!Cy enrichment trend in Zone II can be explained by
two reasons: one is that the fossil carbon emission from the
seafloor had been reduced since the extraction beginning
in 1886; and another one is increased the biogenic carbon
flux into the sediments perhaps due to an enhanced nutrient
availability in SBB. As the nutrient supply increased, the
primary productivity in SBB produced more OC from
endogenic input in the water column. Thus, the portion of OC
from terrigenous sediments became smaller. In fact, scanning
XRF had relatively lower contents in Zone II, reflecting less
contribution of terrigenous sediments. High Ca/Ti, Sr/Ti and
Fe/Ti values in Zone II illustrate high biogenic components in
the sediments.

The DMCq values in Zone III (1969~2011 CE) still show
a slightly enrichment trend, and the three maxima values
are -75.8%o in 1977, -74.0%o in 1998 and -64.3%o in 2011.
Since the nuclear bomb 'C signal from the atmospheric CO,
entered into the ocean in late 1960s and reached its peak in
1975, the enrichment trend of the D*C; in Zone III can be
influenced by the bomb '“C. However, none of the DCq
values are greater than zero in the core (Table 2), indicating
that the bomb 'C signal is masked by the '“C reservoir effects
in SBB and older terrestrial OC input.

If we assume the cartilage sample at 36 cm depth was
formed in the water column, this sample does not contain OC
from terrigenous sediments, and has a D'*C value of -62.2%o
and '“C age of 516+71 yr BP (Table 2). The calibrated *C age
without reservoir correction of this sample is 92.5% in the
range of 454-660 yr BP (20) or 560+105 yr BP by using the
calibration curve IntCal13. This age is significantly older than
the 1“C reservoir age (233+60 yr) of modern ocean surface

water in SBB (Ingram and Southon, 1996). If we use the DC
value of this sample as the endmember of marine biological
carbon in SBB, we may estimate the OC contribution from
the marine system and terrigenous input. In Figure 5, the
heavier (higher) D"C values are generally corresponding to
low scanning XRF K, Ti, Si and Mn (siliciclastic), and high
Ca/Ti, Sr/Ti and Fe/Ti (biogenic), whereas the lighter (lower)
D"C value are generally corresponding to high siliciclastic
elements but low biogenic elements except for the organic-
rich layer around 1885 CE.

4.4 ENSO Influence on the D'C Variation
of Core SBB-8-2012

The variations of the D“Cyoc in the sediments show
interannual-to-decadal cycles (Figure 5), reflecting the
impact of climatic changes on the terrigenous input of soil
TOC and on the productivity of biological marine TOC.
Since the precipitation in southern California including Santa
Barbara is strongly influenced by ENSO (McGowan, 1984) and
oceanic circulation in Santa Barbara Channel is also related
to ENSO (Rassmusson, 1984), the D*C variation may be
affected by ENSO. For this purpose, we have done spectrum
analysis on both the Southern Oscillation Index (SOI) and the
DUCrq record. Figure 8 displays the results. The monthly
data of SOI from 1866 to 2021 was downloaded from https://
crudata.uea.ac.uk/cru/data/soi/ (Ropelewski and Jones, 1987;
Allan et al., 1991). The cycles of 3.6-yr, 5.7-yr and 6.4-yr fall
into the 4-7 year band of El Nifo/La Nifna cycles. The D'C
data sets have age intervals on the order of 1-8 years (Table 2).
In order to perform the spectrum analysis, the interval should
be uniform. Thus, we interpolate the data to annual resolution
by using the excel program (linear interpolation), and the
spectrum analysis shows that the D'C record has cycles of
4.9-yr, 5.8-yr, 7.3-yr, 8.7-yr1, 9.7-yr and 13-yr (Figure 8B). As
the resolution of D!*C data allows the highest frequent cycle
of 6-yr, the 4.9-yr cycle is not considered. The group of 5.8-yr

A 5 T SN I T TN T N T T T T [N T T S AN S SN 1
] s ——Chi2 99%
1 < . ——Chi295%
1 © s L
4 & SOl F
] pud [
. 3] L
z ] L
[e] 4 L
o ] [
2‘: r
1 - -
0 LA L L L L B L AL B
0.1 0.2 0.3 0.4 0.5
Frequency

FIGURE 8 | Spectrum analysis for the SOI (data source: https://crudata.uea.ac.uk/cru/data/soi/) (A) and the D14CT OC (B). The blue curve and red curve indicate
confidence level and 95% and 99%, respectively. The numbers marked in the plots denote the possible cycles above 95% confidence level.

B30000 N T T T T T N T T T T T I T
] ——Chi2 99%
] —Chi295% |
25000 L
] D'4C [
20000 1
o] ]
2 15000
[e) 4
o 4
10000
5000
0 S e
005 01 015 02 025 03
Frequency

Frontiers in Marine Science | www.frontiersin.org

16

July 2022 | Volume 9 | Article 823793


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles
https://crudata.uea.ac.uk/cru/data/soi/
https://crudata.uea.ac.uk/cru/data/soi/
https://crudata.uea.ac.uk/cru/data/soi/

Li et al.

C-14in 200-yr SSB sediments

DC (%o0)
50 150 -250 -350

podpnbn o bon gl

Si/Ti
1086 4 2

Lvvvv 0y

SrTi

010-11LN
g =
1999-2000
-

0002
1

©
c
S

1974-75
1969 event <€

0561

(30) seop
0061
1

Organic rich

0581
Zone |

Sr or Mn content (mg/Kg)
100 300 500 700 2 1.0 -1

—Sr ——Mn

H ~«—La/Nina
|

88°888
F§ & ¥ o

\. . Ra.infall anomaly

T T T

— LA
1819-20 evient T e (mmiyr)
increase productivity and
» decrease inpt ——Ca ——Fe ——Mg
2 P I [ T T
< 400 800 1200 20 60 100 140
(K+Ti)/2 (cps) Ca, Fe or Mg content (g/Kg)
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siliciclastic elemental contents. This outliner may be caused by chronological uncertainty.

and 7.3-yr cyclicities may reflect the 4~7-year ENSO cycle,
whereas the group of 8.7-yr, 9.7-yr and 13-yr cyclicities may
represent double of the 4~7-year ENSO cycle.

Since the D**Cy record has only ~200 years, changes in
summer insolation may vary small. Therefore, we focus on
the influence of ENSO on the rainfall and oceanic circulation
variations in SBB. During El Nifio year, the marine biological
productivity should decrease (Lange et al., 1987), and heavy
rains are frequent along southern California. The ratio of
terrigenous soil OC/biogenic OC increases with high input
of siliciclastic elements and low ALE in the SBB sediments
during El Nifio events. In contrast, during La Nifia years
stronger California Current and upwelling bring abundant
nutrients to elevate the marine productivity, resulting higher
biological OC content in the sediments and higher D"C..

In Figure 9, we compare the D"C;,. scanning XRF
siliciclastic elements (K+Ti)/2, proxy of biogenic components
(Sr/Ti) and ALE contents (Ca, Fe, Mg, Sr and Mn) with
the SOI and south coast annual precipitation records. The
comparisons show that during strong El Nifio years (open
head arrows, e.g., 1902, 1941, 1969, 1982-83, 1997 and 2002-
05) higher (K+T1i)/2, lower Sr/Ti, minima the ALE contents
and decreased DMC ,. were dominant. In contrast, low
scanning XRF (K+Ti)/2, higher Sr/Ti, high ALE contents and
enriched D"C;,. were corresponding La Nina conditions
(solid head arrows). It is worth to mention that our record
cannot be accurate on annual scale, so that comparison with
low rainfall periods is more reasonable than with individual
El Nifio or La Nifia years. The above comparison between
our record with the instrumental records (rainfall and SOT)
perhaps also demonstrates that our chronology of the core is
reliable as the instrumental records have precise age control.

5 CONCLUSIONS

A 51-cm long core SBB-8-2012 from SSB was dated by *'°Pb
and varve counting. The chronology of the core was refined
by comparing with a previous well-dated core from the same
area, showing the depositional history of 1815-2011 CE with
sedimentation rates of 0.25-0.29 cm/yr. The core has been
measured for scanning XRF on an ITRAX core scanner,
acid-leachable (0.5N HCI) elemental concentrations by an
ICP-OES, and a total of 89 *C dates by AMS. Based on the
sedimentary features and the above measured results, the core
sediments can be classified into three zones: Zone I (1815-
1880 CE) contains denser sediments with thinner laminations,
higher scanning XRF K, Ti, Si, Mn and Rb, lower Fe/Ti, Ca/
Ti and Sr/Ti, and lower D'¥Cyo values. Zone II (1880-1969
CE) includes less dense sediments with thicker laminations,
the lowest scanning XRF K, Ti, Si, Mn and Rb, highest Fe/
Ti, Ca/Ti and Sr/Ti, and strongly enriched D"C;, trends.
Zone III (1969-2011 CE) covers well laminated sediments
with high CaCO, contents, high acid-leachable elemental
concentrations, strongly fluctuated XRF elemental contents
and higher DMC values.

The apparent C ages of the 200-year sediment core
vary between 500 and 4000 yr BP with D!*C values ranging
from -62.2%o to -383.8%o, reflecting influences of terrigenous
soil OC input, fossil carbon emission from the Coal Oil Point
seep field and 'C reservoir effect controlled by oceanic and
atmospheric circulations. The three strongly negative DC
excursions around 1819-20, 1884-87 and 1964-69 CE might
be respectively related to the 1812 Santa Barbara earthquake,
the first oil extraction in 1886 and unusual marine biological
productivity in 1887, and the 1969 oil spill as well as flood
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events. The long-term mean D“Cq. shifts in three zones
were probably caused by relatively high terrigenous soil OC
input and fossil carbon emission from the Coal Oil Point seep
field in Zone I, reduced fossil carbon emission due to the oil
extraction and enhanced biological productivity in Zone II,
and nuclear bomb "C influence in Zone III. Nevertheless,
the *C reservoir effect in Santa Barbara Channel has been
changed significantly during the past 200 years.

The ENSO events show strong influences on the D*C,
detrital elemental content and acid-leachable elemental
concentration in the SBB sediments. During the La Nina
period, stronger upwelling and northerly California Current
bring nutrient enriched water into SBB and lead to higher
productivity. Combining the effect of less terrigenous soil
OC input during the La Nifa period, lower scanning XRF K,
Ti, Si, Mn and Rb, higher acid-leachable elements and higher
D!Cyq values can be resulted in the sediments. During the El
Nino period, the phenomena are opposite.
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