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ABSTRACT

Every wvear increasing insolation during spring and summer sets up a broad
pattern of equatorward winds along the western shores of North and South Americ
These winds are responsible for larse-scale advection of nutrient-rich waters to the
surtitce and. therefore, the clevated produetivity of the Calitornia and Peru/Humboldt
castern boundary current svstems. Because the Larth’s radiation balance iy involved.
castern boundary currents probably responded (o past changes in summer insolation
and could be sensitive w luture changes in greenhouse pas concenteations. The
hwdrography of the nutrient-like trace clement Cd and 1ts incorporation into the geologe
record provide a viique way o quantily the sensitivity ol coastal upwelling o chmate
chinge. using the effect of orbital changes in insolation during the Holocene as a test
cuse,

In Calitornia, we have used the Cd content of caretully eleaned shells ol the benthic
fovammmifer Eiphidictla hannead 1o inder chanees in estuarine dissolved Cd concentrittions
that are dircetly hnked to coastal upwelling, Shells of £ feminad Tine been recovered
rom sediment seetions that span much of the Tlalocene from several Calitornia estuar-
es. W report here that mean CdiCa ratios in shells of £ fwsias from San Francisco Bay
dated 7.5ka wre considerably higher (402 + Sumolmoel. n = 9) than i tests dated
9000 1900 AD (274 £ 13nmolimol, n - 14, Based on a comparison of wind lorcing with
that mean wind stress during the

an B-vear time series ol nearshore Cdl s sugpest
upwelling season wits about twice as hish during the carly Helocene than it s todas.
Fuarther interpretation, however, will reguire o better understunding of the ongin of an
nerense i variance ol rephieate CdiCa determinations i downeore intervals. The
modern hvdrography of Cd alse shows that an inter-hemispheric comparison of
upwaelling records will be pecessary o distinguish changes due to variations in solar
forcing ITom changes due to the cvolution of the Fl Nino/Southern Oscillation through
the Holocen
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LLINTRODUC TION

Contours of the annual wmperature range at the Earth’s suriice clearly mark the
houndary of continents beeause seasonal lemperature variations are nuch greater over
lund than over the ocean (Mouin. 1975, as reproduced in Crowley and North, 1991y, The
contrast is a reflecnon of the ~60-1old Tower eflective heat ca pacity of land surtaces com-
rired to the oecan. Heating of air masses over the continents during spring and summer
causes an intensitication of the subtropicul high-pressure systems over the NLJOT ocean
basins. Equatorward winds responding 1o this atmospherie pressure gradient foree un olf-
shore Ekman transport of surfuce water oft North and South America Europe, and
Alrica during spring and summer (Bakun and Nelson, 1991 b The resulting divergenge
catses coastal upwelling of cold and nutrienterich subsurfice water. The ctfect of
upwelling on the nutrient content of nearshore waters is pronounced along the western

margin of North and South America because subsurfice source waters are particularly
cariched (Broecher and Peng. 1982). The intimate connection between atmospheric and
oceitnic aircudation is largely responsible for the very high biological productivity ol
castern boundury currents such as the California and Peru/] lumboldt systems. [t is there-
fore important to deterinine how such systems will respond to chunges in the radjation
halance ol the Earth as the concentration of greenhouse zases in the atmosphere con-
tnues to nerease. Bakun ¢1990) argued. lor instance. that coastal upwelling along major
castern: boundary currents will intensify as a coisequence ol greenhouse warming
beeause temperatures are likely 1o increase taster over land,

Coastal upwelling prevails in April August off California and Oregon. and in
Octoker February along the coast of Chile tFig. 1) The evolution of this seasonal
pattern m response (o different boundary conditions is difficult to made] from first prin-
ciples because of the different feedbacks that come inta plav. One important Feedback is
clowd cover because it has a targe effcet on the surtace radiation balunce of both land-
masses and the oceun. Because modeling of teedbacks is difficuli. if s important to Lest
model predictions of Lirge-scale wind patterns under different boundary conditions. The
geologic record provides one of the fow ways available 1o do this. The past 9kvr of the
Holocene provide an interesting test-cise because precession of the equimoxes has grad-
ually decreased northern hemisphere nsolation by 35W/mn® (i.e.. ~8%) at mid-latitudes
and increased southern hemisplicre January insolation by a comparable amount
(Kutsbach angd Guetter, 19861, This is a large perturbation considering that a 1%, change
in the solar constant or a doubling of atmospheric CO. is equivalent (o about a 4 W/m?
chunge in radiation tCrowley and North, 1991). Other boundary conditions such as ice
volume, dust louading, or atmospherie €O, did not change apprectithly during the
Holocene. A simple argument based on the heating contrast between lund and sea would
suggest that coastal upweliing decreased during the Holocene aleng the California
Current. while the intensity of upwelling increased in the Perw/Humboldt system over
the same period. The pattern s conflrmed by aoseries of modeling results, some of which
WEIC oSt reeently presented by Kutehach er af (1998). The NCAR Climate Conimu-
nity Model version 1 (CCMIY predicts that May Septeniber wind stress at 37.8°N off
San Franeisco was 3 higher than today at 6 ka when summer insolation was 6 higher
than today (Fig. 2). Conversely, the model predicts that Nowvember March wind stress
oll’ Valparaiso 1s neurly 50" higher today then it was carlier during Holocene. Unlike its
predecessor COMO. CCMI includes interactive components such as soil moisture, snow
hydrology, sca-ice, and mixed-layer ocean temperature and runs lor a full seasonal cyvele
of insolution. [t is worth noting that the prediction by the same model that muximum
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Figure 2. Model calealigion ol upwelling-tivorable winds oft” Cahtoenia and Chile at 0 and 6ka, Bata from
COMI deseribed by Kutzbach er of (19980 For an empirical drag coelfivient of 0000013 und o density air of
000122 wem' [Bakun and Nelson 1990 the masimum value of sipuamed wind scales af 80 and 20 o the

i

nexrtherin and southern Tiemispheres, respectin ey, ure grjuivident Goowind stross levels of 1.27 amd 0,31 dynelem’,

wind stress ofl California is considerably higher than ilong the Chilean couast today is
not supported by the ebservations (Fig. 13, This discrepancy mav. however, be partly due
to the relatively coarse resolution of 4° latitude by 7 5° longitude of COMI.

Changes in nearshore water composition coupled Lo coastal upwelling provide the
oppertunity  reconstruct past changes in wind patterns in response to changes in inso-
lation during the Tolocene. One requirement for monitoring coastal upwelling on the
busis ol coastal water chermstry s that the composition of source waters be markedly
different from that of surlace waters during non-upwelling conditions. This is cortainly
the case along the western Americas where the combination of reduced ventilation and
elevated-praductivity sets a steep vertical grudient in concentrations of nutrients and the
nutrient-like trace metal Cd. Two profiles analvzed by Bruland {19807 ofl the coast of
California show un order of magnitude increase in Cd concentrations in the upper 500
m of the water column (Fig. 3). Regular monitoring ol nearshore water composition
ol California and Oregon has shown that dissolved Cd concentrations increase up to
five-fold during the upwelling season (van Geen ef af. 1992; van Geen and Luoma, 1993
van Geen and Husby, 19965 1rom @ paleoceanographic perspectise. the geochenustry of
Cd has an addidonal important characteristic. i.e. the substitution of Cd for Ca in the
lattice of biogenic carbonate in proportion to dissalved Cd in ambient scawater, This was
lirst demonstrated by Boyvle (1981, 1988) for foraminifera and required desising a clean-
ing procedure that effectively removes potentially contaminating material such ws oroanic
matter and Fe/Mn oxtdes. More recently, van Geen o ¢, {19923 demonstrated that the
CdiCa ratio of the benthic foraminifer Elphidicita hannei living in shallow coastal waters
and US west coast estuaries also reflects the average Cd content of overlying waler.

[n this paper. we present now dissolved Cd data demonstrating that the expression
of coustal upwelling is particulacly pronounced in o nearshore region that extends only
a few kilomweters offshore from the surtzone, We augment a previously published set of
surtfzone transeets along the coasts of Cabitornia, Oregon. and Washington with new data
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o the Oregan coast at 332N vollected August 24 Sepromber 501994 Sample at Ok was

callected Trom the surfzone an the same Tatkiude after the cruise on September 5. 199

seet perpendicu

contirming that the nearshore chemical expression of coastal upwelling follows a broad,
recurrent. pattern that is consistent with lurge-seale toreing rather than local processes.
We extend a tme series of surfzone Cd oulside San Francisco Bay to the period
991 1995 1o demonstrate that interannual variability of the scasonal Cd cyele at this
location is moduluted by processes related to the El Nifio/Southern Oscillation {ENSO),
We proceed by re-examining i previously published Cd/Ca calibration tor E fnnci (van
Gueen e ol 19921 in light of updated time series of dissolved Cd und a consideration of
the Tife cycle of shallow-water species. We then briefly discuss a previously published
toraminiferal Cd/Ca record rom San Francisco Bay that spans the past 1100 vears and
includes a tesponse o unthropogenic inputs over the past several decades (van Geen and
Luoma, 1999). We provide a preliminary interpretation of a limited set of data for shells
ol &2 Bannrad formed in Sun Friuncisco Bay 7.5kyr ago that contain significantly higher
Cd levels than more recent pre-industrial shells. We conclude by pointing out that sepa-
rating the importance of changes in insolation vs. ENSO on the composition of nearshore
water along the western Americas will require an interhemispheric comparison of
Holocene wrends tn upwelling.

2. METHODS

2.1. Surfzone and Surface Water Samples

Perhaps the most surprising conclusion ron our studies so ar his been the demon-
stration that variations in dissolved Cd concentrations in the surfzone along the coasts
of Calilornia and Oregon are determined primarily by large-scale wind lorcing. Proce-
dures tollowed to collect and process surlzone water have not changed substantially
since the first time senies was inthated in 1991 oytside San Francisco Bay (van CGeen
and Luoma, 1993: van Geen ef ¢l 19920 van Geen and Husby, 1996). For surfrone
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cellection. acid-washed polyethylene hottles are attached to a plexiglas holder at the
end of a 3-m-long fiberglass pole. Salinity and nutrient samples are (aken si multanceusly
from a separate bottle attached (o the pole. A duplicate trace clement sample is always
taken within u few minutes at the same location. All samples are stored in the dark until
filtration before the end of the day. To reduce the risk of contamingtion. 1he samples
are actdificd only after the bottles have been returned w our luboratory, Irreversible
adsorption of Cd on the bottle walls does not appeuar to be a nroblem,

Samples collected between 1991 and 1994 were preconcemrated from 18 10 | mL
hy mctal-ligand adsorption onte a resin column with the automated device of van Cieen
and Boyle (19901 as modilicd by van Geen and Luoma (1993). This method has since
then been modilied for Cd preconcentration of a smaller sample volume (0.5mL) on 4
saller columm (73pL) placed in-line with the autosampler of a Hitachi Z8200 atomic
absorption spectrophotometer. In this procedure. the autosampler is disconnected from
the ITirachi instrument and the syringe pump. awtosampler arm. and sample tray ure
moved by a programmable stepping-motor controfler. A buttered sample (pH ~ 8) con-
taining the ligand 15 slowly taken up through the resin column and then returned to the
same eup, Anaeidie solution is then taken up to release the bound Cd and clute it directly
inte the graphite tube heated at ~150°C, After elution. Cd is quantified by atomic absorp-
tion. More recently. the in-line pre-concentration method was simplified by replacing
the hydrophobic ligand-resin combination with an even smaller column (SuL} of the 8-
hydroxyguinoline resin off Landing ez of. (19861 1o reduce matrix interference {Takesue
atwd van Green, in prepuaration).

Ancillary paranicters are always measured in the surfzone samples 1o provide a
context for the Cd results. Nuotrient samples are filiered through disposable SYTINge
filters and acidified in the ficld. Dissolved silicate and phosphate concentrations are mea-
sured speetrophotometrically using methods deseribed by Strickland und Parsens (1968).
Sabnity 15 measured on samples stored in ghuss with a standardized Guildline Autosal
salinometer.

The new daia presented in this paper include a transect of surtace samples collected
ot board ship across the Oregon continental shell in August 1994, These samples were
pumped on-board from a towed deviee that consists of a bathythermograph towed hor-
icontally, ~I'm below the surtace and ~3m from the side of the ship. and a Tellon-lined
polycthylene tube (3/8” 11 projecting ~2em forward of the bathyvthermograph (Boyle ¢f
al. 1982). The other end of this tube iy directed 1o the shipboard luboratory and con-
nected o an acid-cleaned ploxiglas vessel placed in a Class-100 laminar flow bench. To
prime the pumping device. @ vacuum is created in this vessel with a rotary pump. Since
the sampling yessel is located upstream of the pump. the saumple cannot be contaminated
by the pump. Although these samples were not filtered, theyv were otherwise treated and
analysed Tike the surfzone samples,

2.2. Wind Forcing

Wind data from we different sources are used 1o establish the relation between
cimutology and nearshore water composition. The first datg set 1s the tong-term
(1851 1972} mean of wind measurenments from ship reports compiled by Nelson (1977}
ar 12 by 12 (~100km) resolution. Huver (1983) used these results to compute offshore
Ekman transport for 1% squares nearest 1o the coast. The second indicator of upwelling

15 an upwelling index derived from synoptic surface pressure ficlds. For caleulation ot the

st and Present Coustal Upwelling along the Western Americas T a3
upwelling index. the atmospherie pressure licld is interpolided on a 3% by 3 (<300 km)
erid and the geostrophic wind caleulated from linite difference derivatives { Bakun. 1975,
The wind at the sea surtuce is estimated by roluting the geostrophic wind veetor by 13°
to the leftand reducing it by 30 1o approxinuute rictonat effects. The cross-shell Ekman
transport in the surface laver M is determined from the alongshore component ol the
calculated wind speed M = 17 ¢ ViV where fis the latitude-dependent Coriolis
parameter. o, s the density of air ¢ 3s a constant empirical drag coclficient. and V is
the estimated wind vector of mugnitude [V], Surtice pressure measurements are collecied
cvery 6 hours to provide a datly upwelling mdes. hercafter referred 1o as the daily Bakun
index, Bakun mdices are routinely caleulated by the Pacific Fisheries Invironmental
CSEJﬁ._:H?:.:?.,.a:_U__r.m.zﬁx:_,mniu.

s

2.3. Foraminiferal C'd/Ca Analyses

The reconstructions of the past Cd content of nearshore water is based on the
demonstration by Boyle (198, 1988) that the amount of €d substituted for Cu in (he
caleite lattice of certain benthie toramimifera {expressed as their CA/Ca ratia) living near
the sediment-water interface s proportional to the dissolved Cd content of weerlying
witter, Cd/Ca rutios were measured for batches ol 10 20 shells ol £ Gt (~0.3mg of
citleited that were cleaned of organic matter with hvdrogen peroxide. Fe and Mn oxide
coatings were removed with u reducing hvdrazine solution. Reagent concentration and
cleaning times Tave been reduced relative to the revised procedure of Boyle and Kelgwin
(T98S/R0) because tests of £ Aaat appear 1o dissolve more rupidly than deep occan
henthie foraminilera. Farther modifications of the procedure are deseribed in Lvnch-
Sticglitz ef of. (19961 Our reproducibility for CdiCa determinations obtained by mca-
suring Cd and Cain foram solutions by graphite-furnace and flame-atenic absorption.

respectively, is on the order of 134

for a consistency stundard similar i composition Lo
that of a solution ol dissolved foraminiier,

3. RESULTS AND DISCUSSION

3.1. Modern Hydrography of Cd in the Surfzone

A cross-shelf surface transect colleced during upwelling conditions in August 1994
off the coust of Oregon shows that the chemical expression of upwelling breomes
stronger as the distunce 1o the coast decreases. Previously, Bruland (1980) obscrved
that surfuce Cd concentrations increase Trom about &1 nmoliky 160km offshore to
G 2nmolkg 30km offshore. Howeser. detaited mapping of the very nearshore region
hows that the mest dramatic effect of coastal upwelling is ohsersed within the inner-
most 3 Em. Surface water shows an inerease from ~0. L nmol/ke 60 km oitshore 1o nearly
(L8nmol/kg at the coast tFig 3. Much ol this inerease oceurs within 13km of the couast.
and a surtzone sample collected at the same latitede o lew days after the cruise shows
that the highest concentrations of upwelling tracers are found in surlzone waters.
Althourh riverine und sedimentary sources can clevate Od concentrations in coastal
waters. parillel chunges in other water propertics such as temperature, salinity. and nutri-
ent cencentrations across the same transect suggest a primarily advective origin for the
A...Ln:_.wc::ﬁ_:=_::m:_cr..._ﬁm_‘:z_..:mm::_,::wﬁ..r.:._wv:::h.cqcz, A._.;U_c:.b_:_:,cc,_
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Table 2. Composition o surfzone water during [994 transects

Phosphata Cadmum

Lattitude Salinity IRimalkant tnmelkyy
N EIIRY 1 -y
Onrer R J4.750 .13 0417
Conos B 3240 R 1,758
Creseent (it b 0.2k 11518
Tiinidind Hewd 4l Eay [OR{EC :..ﬁ:
Wislport AL 1.43 013 (L6734
wc::.:._::__,r. Beuch LR | 1184 K23
2 .19 IhA7s [}, 44H)

for Mareh and Aupust 1994 Data for ancillary wacers are ineluded in Table 2. The spatial
aud temporal patterns of Cd along the Calitornia and Oregon cousts supgest that large-
scale atmospheric cireulation. as opposed to local and variahle wind foreing o local inputs,
Jdelermines the cotposition of surlzone water, |Large-seale spatial varitions of Cd con-
.F::. IETRIES ni;_:. :#, transeets are fairly sradual and progress i1 i with the evolution
Ad. Thisis shown by comparing long-termaverage coastad upwe elling
caleulated Tor January, April, July and September (Huyer, 1983 (Fig. 4b) with the 1992
and 1994 transeet data (g, der During winter months when downwelling conditions
prevail Canvary 19920 March 1994 surfzone Cd concentrations wre below 0.3 nmol/kg
throughout much of the region. Figher Cd levels at the seuthern end of the March 1994
transect mark e onset of tie upwelling season. As the spring Gansition moves north-
Cd congcentrations

wird and upwelling intensifies Tater in the scason (Strub e af 1987

meredse to N6 0.8 nmolike ina broad regioncentered near 397N This 400 km-long sechion

of coastline showing elevated Cd Tevels is slightly to the south of the region where the
b

climatology sueeests that upwelling peaks w July (Thg. 4
We use the Tongest available time series from Paiflar Point. California, to show that
not only the scasonal upwelling eyele. but ulso the interanmuil var ability ol wind forcing
is reflected in surfzane chomistis, Data collected durimg 1991 1993 outside San Fruncisco
Buy were used by van Geenund Husby (1996 (o derive o qus idratic relation between surt-
sone Cd concentrations and wind forcing: Cd (nmolike) = 0.22 [£0.03] = [.2 [+0.7] 10~
Pladext + L2 12051 107 Indexd”. where the “Tudes™ is the Bakun index at 362N filtered
with a 30-duy running mean. 14 days prior to e day ne wshore water is sampled. and
the values in brackets indicute the standard errors for the model parameters calculated
from the covarinnee matrix of the least squares rearession. Considerable dayv-to-diy var-
ability in the Bakun indey 15 retioved by the 30-duy filer (Fig. Sa). The 19494 aud 1993
surfzone dita e Figs 3hore taken from van Geen and Luoma (19980, The 1996 19Y8
dutta are shown :r_r For Uhe first time, The relation between the tiltered Bukun index and
surfzone Cd far the period 1991 1993 is extrapalated through T998 (Fig. 3b). I'he cor-

respondence between observed and predicted changes in surfrone chiemistry over a broad

ranee ol time seales supports a causal relution hetween large-seale wind forcing and
nearshore Cdl Values predicied from the Bakun indes :E?r reductions in wind loreing
Lusting about twe :.r,r.r.;. during the upselling scasons of 1993 and 1995 . for mstance.
[nterannual variability in the Bakun index. sucl as the relutinely weak upwelling scasons
of 1992, 1993, and 1998 are also <losely reproduced in surtzone Cd timwe serics. Com-
parison with the NINO3 index off surfuce water emperatures anemalies i the castern
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tropical Pacific suggest that the reduced amplitude of Cd variations in 1992 1993 and
1998 are probably linked o the El Nifo-Southern Oscillation (Fig. 3¢). Surfzone Cd con-
centrations reached during the upwelling scasons of 1994 and 1997 are nearly twice as
high as during Bl Nifo years 1992 and 1998 when Cd levels appear 1o be suppressed.
Although :F,F, are some notable discrepancies. the overall relation between tarpe-scale
wind foreing and surlzone Cd remains guite remarkable.

Why wind torcing is so closely reflected in the Cd coment of surfzone water
a it of u puzzle, Physicul observations of coastal upwelling combined with synehronized
shipboard and surfzone sumpling ofl" the coast of Oregon provide some hints of what

TCmains

might be happening. Yerticul nutrient profiles across the continental shelf collected wt
ar later {August 1993) show that the
s consistent with conservative advee-

the location of the cross-shelf transect but one

composition of surfzone water al this location was
ton ef nutrient-enriched bottom water from the edge of the continental shell’ into the
surtzone (van Geen of af.o in press). This intrusion of bottom water Far onto the shell”
garees with advection patterns observed with current moorings deploved nearshore and
with madel predictions (Huyer, 19830 Lenta, 1994 Allen ¢/ af. 1993), Such observations
suppaort the notion of efficient exchange of bottom and surfzone water. Theee is also evi-
dence that the composition of source waters over the shell” during upwelling is rather
uniform over alongshore distances on the order of =100km (ITermann o7 af . 1989). The
strong alongshore currents and intense mixing in the bottom boundary laver (1ente and
Trowbridge. 1991) probubly contribue o maintaining a consistent composition of’ source
waters al depth. If the proposed dynmmic link between the surfzone and shell water at
depth indeed exists. this connection could explain why spatial and temporal changes in
surfzone composition appear  be ted to large-seale wind patterns rather than local
lor

LS

3.2. Palco-upwelling and Foraminiferal Cd/Ca

In previous interpretations of foraminiteral Cd/Ca records from San Francisco Bay
van Geen er of | 1992: van Geen und Husby, 1996: van Gieen and Luoma, 1999a), the
assumption las been that the shell of £ fianiai 1s formed throughout the vear. Before
guestioning this assumption, we review the available water column and toraminiferal eal-
ibration data. In order to caleulate a representative annual e rage for Pillar Point, the
updated surtzone tme series was collapsed into a single year and binred in 2-month inter-
vals. Average Cd concentrations for these two-month intervals show a 3-fold seasonal
range (Figo ) 'The annually averaged surtfzone Cd concentrations at this location during
19911998 caleutated rom the six binned intervals is 0.39 nmol/ke. The same procedure
applied to w 1991 1995 Cd time serics within central San Francisco Bay near the loca-
ton where sediment cores containing £ S were coblected vields a mean Cd con-
centration of 0.32nmol/ky fvan Geen und Luoma, 1999a). Over the past century. this
estuary has experienced rupid industrial development and theretore contains a whole suite
off contaminants, including an excess of Cd in the water column, While the scasonal eyele
in dissolved Cd within San Francisee Bay is driven lurgely by variations in nearshore
water compasition outside, there is a distinet anthropegenic overprint at this location
(van Geen and Luoma, 1998a).

How do the witer columin observitions at these two sites compire 1o the
foraminiteral resulis? Calibraton dat for shells of £ i collected inside and outside
San Francisco Bay presented by van Geen o af (1992) are replotted in Fig. 7. [ndivid-
ual foruminiteral Cd/Ca determinations for batches of 100 15 shells are shown as a fune-
tion ol updated annual mean CdfCa ratios measured in local water. Disiribution
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ter Richardson Bay caleulated tor tests in the upper 30em of the box core and the mean
composttiion of Central Bay water in 1991 1993 (Cd/Ca 386 + 33nmolimol. Ca §.5
10 "mol/kg). The agreement between distribution cocfficients in- and outside the bay
sugeests that dulferences in salinity or sediment type between the two environments have
no major etfect on the incorporation of Cd into the shell of £ frevmai. A solid line cor-
sponding to a mean Kd ol 0.0 was drawn in Fig. 6 starting from the origin based on
the assumption that no Cd 1s incarporated in the shell of E e 11 there 1s no Cd in
the water.

Although the hfe history of £ fusmad has, to our knowledge, not been studied in
detail, observations of the life cycle of other shallow-water benthic foraminitera indicate
that the assumption of constant growth throughout the year needs to be reconsidered,
Classic studies ol the fife cyele of related clphidids such as Ephidinn crispum
{(Polvsromella crispa. Lister, 1903: Jebbs, 19360 and Anmnonia becearii (Streblus beecarii.
Bradshaw. 1957} have demonstrated that shallow-wuter henthic foraminifera observed in

their natural cnvironment produce chambers much more rapidly at certan times of the
year than others. In temperate waters of the English Channel, for instance, £ crispun
undergoes asexual reproduction during the first spring and sexual reproduction during
the second. while tn warmer waters of the [ndian Ocean the same cycle takes place
within a single year (Jebbs. 1936). In luboratory cultures ol 4. becearii, Bradshaw (1957)
wis able 1o observe the addition of a chumber every two days under optimal conditions
(30°C). Juveniles reached reproductive maturity in as little as 15 days. afier which
they died. The timing ol reproduction may also be related to the availability of food,
often diatoms (Lee ef af. 1991}, These observations combined with the fact that the
Calitornia Current experiences seasenal variations in overlying water temperature, food
supply, and Cd concentrations indicate that the ceology of this organisms must be under-
stood to determine which phuse of the seasonal cvele is predomimantly recarded in the
shetl,

1o estimate the polential seasonal bias introduced by non-uniform shell growth
throughout the year, we return to the mean seasonal variations in water column Cd inside
and outside San Francisco Bay. The mean and standard deviation of water column Cd
for 2-month intervals for the locations inside and culside San Erancisco Bay is shown in
Fig. 7. The variance associated with cach interval is due to month-to-month variability
in surfzone composition in a single year, as well as interannual variability, The data avail-
able suggest that if the shell of £ frmiai is formed within 2 months or less. the obser-
vations could conceivably indicate a Kd ~8 if the shell i formed mostly during
non-upwelling months. or a K, ~1 if the shell is formed during the upwelling months
(IFig. 7). In the absence of the culturing experiments for £ hannad in seawater of known
Cd content, this issue cannot be addressed direetly the way 1t has been for planktonic
foraminifera (Mashiotia er af., 19971,

Keeping 1 potential seasonal bias in mind, we re-cxamine a well-dated CdfCa record
lor £ frannai in San Francisco Bay that spans the past 1000 years (Fig. 8. van Geen and
Luoma. 19994y, The Cd/Ca duta are shown as a function of depth together with the esti-
mated ages of different sediment horizons determined rom a suite of radiolsotopes
which includes “'Cs. "Ph, und "“C (Fuller e wl, 1999 van Geen of ul.. 1999y, CdfCa
determinations for baiches of 10 13 shells average 274 £ 13nmoel/mol (n = 19 in the
section deposited well before industrialization of the basin. The reproducibility of 5
for this interval is about as good as can be expected considering the propagation of errors
of individual Cd and Ca determinations by gruphite-furnace and flame atomic absorp-
tion. respectively, ussuming that the population ot £ fanarai is homogeneous in com-
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position. Compartson with a value of 228 £ 13nmoel/mel tn = 25) reported by van
Gieen ef wl (1992) tor £ i from Pillur Point owtside San Francisco Bay suggests that
mean pre-industrial Cd levels inside the mouth of San Francisco Bay were at most 20
higher thain in nearshere coastal water, For rewsons that are presently not understood.
other sedunent sections from San Francisco Buy containing £, fesnad show considerubly
reater varance i Cd/iCa that cannot be explaned analvtically il the population of
E franirad 15 homogengeus in composition, One example is the upper 60¢m of the San
Taneiseo Bav con

(

i

¢s contiining homb-produced  “Cs. CdiCa determinations for this

mterval wveraee 380 £ B nmol/maol (n = 19), This increase in the variance could reflect

the rapid changes in overlving water Cd cuused by industrialization of the basin com-

bined with imperfeet miginng of shells with a ditferent Cd content (van Geen and Luoma.
[G99h).

From a paleoceanographic perspective. deeper sediment sections ttom San Fran-

ciseo Bay that were collected more recently in the same location and showed high Cd/iCa

varianee dre cause for greater concern. The problem s illustrated with a suite of CdiCa
determinations for an carly mid-Holocene interval at 13 m-depth below the sediment-
witter imterface (Fig. 8104 few shallower intervals Uit were analyzed from the sume core
showed similar resulis, The bottom ot Lthis core (1 7-m depth was rudiocarbon-dated al
Takae but shells of £ fanasaed were not present in sulficient quantity tor replivate
analyses by GEAAL Mollusk shells from several shallower intervals in this core were also
radiocarbon-dated and showed a remarkably consistent sedimentation riate of 2mfkyr
at this locution (van Geen. in preparation). Nine Cd/Ca deterntinations for batches of
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20 30 shells from the 15-m inlerval average 402 0 Sdnmolmiol with a range of 320
470 nmol/mol (Fig. 8). At this point. it is dillicult to interpret such a wide range because
the origin of the increased variance is not understoed. We do not believe the imcreased
varinee for replivate Cd/Ca determinations in downcore intervals is doe 10 diggenesis,
One reason is that analysis of 2 4m y-old shells of £ fannad from the uphfied coastal
Merced formation south of Sun Francisco provided by 1 Ingle (Stanford Ly show CdiCa
and MnfCa ratios very similar 1o shells collected In the surfecone (unpubl. results).
Another reason is that the inereased varlance downcore could refleet an actual increase
in the variability of individuul shell Cd/Ca values due to a scasonal bius introduced when
mean annual Cd concentrations were higher than today. Before exploring this possibil-
itv with a simple numerical cxperiment, we reconsiruct mean upwelling conditions of San
Francisco Bay at 7.5ka by takimg the wvailable data at face value

The uncertainty in mean Cd/Ca tor pre-industriad and carly Holoceng conditions
in San Francisen Bas is reduced by the square root of the number of determination
(274 + 0.8% and 402 = 45 amol/mol for intervals 900 1800 AD and 7500 BP. Based on
present mein surfzone Cd of 0. 4nmolfkg. the foraminiferal data therefore suggest a mean
surtzone value of O.onmolihg for the carly Holocene with an uncertainty of abouy 23%.,
A change of that magnitude in the mean annual value is ot unreasonable sinee unnual
means ranging 030 0.30nmolke were measured oubside San Franciseo Bay during

1991 9% (Fig, 5). Stronger upwelling conditions during the early Holocene, suggested by
higher mean CdiCa vadues. are consistent with model predictions of the effect of hugher
curmner insolation (Kutzbach er af, 19983, Stronger upwelling is also consistent with
observations ol tower mid-TTolocene intertidal water wemperitures ofl southern Califor-
nia recorded by the oavgen isotopic composition of Mzl cedifirnicms (Glassow of al..
19945, Whatl increase i summer wind-stress would be required 10 raise mean neurshore
Cd concentrations by 500507 To a first approximation this can be estimated from the qua-

dratic relation between the Bakun index and nearshore Cd during the upwelling scasorn.
Under today’s conditions, the unnually averaged Cd concentration ol 0.4nmolfkg 15 the
meun of =0.3 and 0.5 nmol/ky corresponding to the downwelling and upwelling scusons.
respectively (Fig. 6). In the sume fashion. a mean of 0.6 nmol/ky at 7.5Ka can be decom-
posed (nto values of 0.3 and 0.9nmolfkg. According Lo the empirical relation between
nearshore Cd and the Bakun index. mean Cd values of 0.5 and 0.9nmolfkg for the 6-
month duration of the upwelling season translate inio mean upwelling index values of
about 100 und 190m s per 100m coast at 0 and 7.5 ha. respectively. Tverything else being
cqual. the empirical relation suggests that 3075 higher mean coastal Cd concentrations
would requi

[y

about twice the current mean wind stress during the upwelling scason.
COME (Kutzbach er el 19975 predicts 0% higher mean wind stress during June-October
at 37.5°N under 6Ka insolation conditions (Fig. 23 Clarly. both the erigin of mereased
CdCa sarinnee downeore and results from higher-resolution models will have o be
cxamined before such a discrepaney can be interpreted, The main point of this caleula-
tion is W show that Cd-bused reconstructions should be sensitive enough to detect such
chanpes,

Assuminge the above deseription of carly Holocene upwelling off’ Culifornny i
correct. the possible effect of seasonal variations i water Cd on the compesition ol a
populition of foraminifera can be demonstrated with a simple numerical exereise. This
caleulation ix Bused on the inferred ~30" 0 higher nearshore Cd concentrations at 7.3ka
and assumes that the increase 1 the annual mesn value was driven largely by conditions
during the upwelling scusoy. Lo estimate the seasonal Cd cyele w ,

3ka given a mean ol
B0 nmol/kye. an equal pertion of the Cd increase was assigned to the three spong and
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swmmer 2-month mtervals between May and October which correspond roughly 1o
the upwelling season (Fig. 6), Comparison of today’s scausonal cyele and the inferred
scasonal eycle at 7.5 ka shows that il shell formation takes place in 2 months throughout
the vear, the Cd content of individual shells tormad under late Holocene pre-industrial
conditions in 8an Franciseo Bay could spun a 3-fold range, while shells formed under
curly Holocene conditions would span a much wider 3-lold range (Fig. 6). To estimale
the varianee in Cd/Ca values that could be expected for a population of E. hanaui, we
performed o numerical simulation of two possible life cyeles for E. hammiat: (a) grow(h
within two months throughout the year. and (b) growth over two months in March-April
and Mav-June only. Incase Gk groups of 12 shells corresponding to w single Cd/Ca deter-
mination were “created” on a spreadsheet wsing a random integer number generator
between | and 6 assigned 10 cach ol the six 2-month intervals. The composition of cach
the 12 shells contributing to a single Cd/Cy determination”™ was set by the random
number which assigns a Cd content based on the mean cyele i nearshore water compo-
sition (Fig. 6) and the mean distribution cocthicient (Fig. 7). The mean and standard devi-
ation ol Cd/Ca obtained for a set of 20 repheate “measurements” on bitches ol 12 shells
wars then caleulated. The standard deviation of stmulated Cd/Ca “determinations™ cor-
responding to present upwelling conditions was £7%, For hiypothetical foraminifera living
under the stronger upwellhing conditions of 7.5ka. the standard deviation nearly doubled
too =P 2% In case (b a similar procedure was followed lor batches of 12 shells, but there
were only two cholces for the Cd content cach shell corresponding 1o March-Apri! and
Mav-June conditions at 0 and 7.5ka. For this set of simulations, the resulting standard
deviations for 20Cd/Ca “determinations”™ were £5 and 16%: at Oka and 7.5ka. respec-
thvely. Although these outcomes should not be tiken too literally, the exeruise indicates
that if most of the caletlication of £ fannai lakes place within o 2-month period. 4
stgnificant increase i varianee CdfCa determnations should be expected under stronger
upwelling conditions, The inereased sensitivity of Inductively-Coupled Plasma Masy
Spectrometry (1CP-MS). particulurly High Resolution TCP-MS, compared (0 GFAA has
epencd up the possibility of tesiing this hvpothesis by analyzing single shells of £ haniai
(g, Lea and Muartin, 1996),

Whal other factor could complicate the translation of neurshore Cd/Ca records into
quantititive estimates of summer wind stress along the California Current? One ques-
tion 1s whethier the Cd content of source walers at depth remained constunt during the
[olocene. On this Lime scale, a significant change in ocean or basin-wide Cd inventory
that coulkd result in a different Cd to phosphate ratio in upwelling waters seems unlikely
fvan Geen ef af . 1995y, This does not rule out. however. a change in the vertical Cd gra-
dient oftshore in response o fluctuations in the combination of physical and biogeo-
chemeal proce

ses that maintain the present gradient. The sensitivity of the seasonal Cd
evele oft Pillar Point (o ENSO is one ilustration of such variztions on relatively short
time scale (Fig. 5). The Santa Barbara Basin record of sediment laminations suggests
that changes tn the composition of upwelling source waters could alse have changed In

respotse (o changes in sentilition andfor productivity over longer periods (Behl and
Kenoett. 1996}, One constraint is provided. however. by a benthic Cd/Ca record from the
depth ol the oxveen-mininuoem zone olf California showing that wader column Cd con-
centrations at ~&00m depth remained relatively constant through the Holocene {van
Geen el af. 19963, Because the dynamic range of Cd variations at the coist iy so wide,
4 few additional benthic toraminiferal Cd/Cq records From the California marzin at 600
and 400 m depth, for instance. should be sulficient to consteadn any significant vanations
In source water compaosition,
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Perhaps a more difficult issue is the nature of the forcing of any changes in
nearshore Ce that may be reconstructed in the future for the California coast. The exten-
sion of the Pillar Point surfzone time series confirms that the seasonal enrichment in
nearshore Cd associated with spring and summer coastal upwelling is suppressed during
El Nifio years. This observation suggests that vartations in the Cd content of bicgenic
carbonate during the Holocene could have been sensitive to either (1) orbital changes in
the intensily of summer insolation or (2) changes in the frequency aad/for intensity of the
El Nifio/Southern Oscillation. One way to address this ambiguity would be to compare
paleo-upwelling records from California and Chile. If orbital changes in summer insola-
tion dominated, then opposite changes chunged in upwelling intensity should have been
recorded by the C'd content of biogenic carbonate in the two hemisphere. On the other
hand, a dominant overprint of changes in the frequency and/or intensity of ENSO on
changes :n nearshore Cd should have been symmetric about the equator.

CONCLUSIONS AND OUTLOOK

Our observations to datc show that surtzone Cd is a particularly sensitive and quan-
titative mdicator of the intensity of upwelling-favorable wind forcing along the coast of
California and Oregon. The unique hydrography of Cd aleng the western Americas
coupled with its incorporation into biogenic carbonates preserved in the geologic record
is the key to using nearshore Cd concentrations for paleoclimale reconstructions, The Cd
content of 4t least one shallow water benthic foraminifer, Elphidieliu hannai. reflects
ambient scawater Cd concentrations, although the possibility of a seasona! bias of
foraminiferal Cd/Ca may necessitate single-shell analyses. Alternatively, a different bio-
gemic carbonate phase, such as mollusk shells recovered from archeologic middens, may
provide a more reliable record of upwelling changes through the Holocene. Taken at face
value. a limited set of results for £ hanrai from San Francisco Bay suggest that mean
annual water column Cd was 50% higher at 7.5ka than today. This would suggest that
summer equatorward wind stress at the coast was twice as high at 7.5ka, assuming the
same relationship between wind forcing and nearshore Cd as today.

As 4 first step towards an interhemispheric comparison of Cd-based coastal
upwelling records. a surfzone sampling program was started in 1997 near Ensenada and
La Paz {Mexico) and Antofagasta. Valparaiso. and Concepcion (Chile). This program
relies heavily on participation by local scientists and students. Initial results from the

expanded surfzone sampling program, are posted at: http:/fingrid.1dgo.columbia.edu/
SOURCES/ EPCUY/.dataset documentation html,
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ABSTRACT

l_,zr,:rm.ﬂ:_e_E._E_ryéi,:F.r,:_:::._::y_:mrH.r..fc:_:_g_.::m:o:c o
studied the magnetic propertics of six deep-sea cores Tocated in the Nordie seas and
North Atlantic along an F-W transcet between 587 ta 67N, The study has been focus:
on climatic stige 3 during which these cores exhibit large wmplitude short term vark o
\ ameters, in relition with rapid climatic changes, In each co

in the bulk magmetic pa :
the magneiic mineralogy is uniformly compased of well sorted lon li-content magnetit
assovinted with paramagnetic minerals, This uniformity ndicates that short 7._.:_,4”:
tions in the bulk magretic parameters only illustrate vasiations i the amount of nu:
rent sites, The te

netic minerals ransported by deep currents and deposited at the ditte
clitnatic changes are thus related (o coeval tist chunges in the strength ot the deep-s
circubation. During interstadials the latter ook place i the Norwegian see and tra
ported the magnetic particles into the North Adantic ocean along o path simi ot
present day path of the NADW. During stadialy and Heinrich events. this Lcnb CLell
ton was stronghy reduced, A tentative comparison of the amount of magnetites tral
ported by the deep current and deposited at the studicd sites suggests that
Facroe-Shetland channel and the Denmark strait were the only twe active path for t

¥

overflow water during climatic stage 3.
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