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Abstract

For this study two sediment cores from the Peruvian shelf covering the time period
between the Little Ice Age (LIA) and present were examined for changes in produc-
tivity (biogenic opal concentrations (bSi)), nutrient utilisation (stable isotope composi-
tions of silicon (δ30Siopal) and nitrogen (δ15Nsed)), as well as in ocean circulation and5

material transport (authigenic and detrital radiogenic neodymium (εNd) and strontium
(87Sr / 86Sr) isotopes).

For the LIA the proxies recorded weak primary productivity and nutrient utilisation
reflected by low average bSi concentrations of ∼10 %, δ15Nsed values of ∼+5 ‰ and
intermediate δ30Siopal values of ∼+0.9 ‰. At the same time the radiogenic isotope10

composition of the detrital sediment fraction indicates dominant local riverine input of
lithogenic material due to higher rainfall in the Andean hinterland. These patterns were
caused by permanent El Niño-like conditions characterized by a deeper nutricline, weak
upwelling and low nutrient supply. At the end of the LIA, δ30Siopal dropped to low val-
ues of +0.6 ‰ and opal productivity reached its minimum of the past 650 years. During15

the following transitional period of time the intensity of upwelling, nutrient supply and
productivity increased abruptly as marked by the highest bSi contents of up to 38 %, by
δ15Nsed of up to ∼+7 ‰, and by the highest degree of silicate utilisation with δ30Siopal

reaching values of +1.1 ‰. At the same time detrital εNd and 87Sr / 86Sr signatures doc-
umented increased wind strength and supply of dust to the shelf due to drier conditions.20

Since about 1870, productivity has been high but nutrient utilisation has remained at
levels similar to the LIA indicating significantly increased nutrient availability.

Comparison between the δ30Siopal and δ15Nsed signatures suggests that during the

past 650 years the δ15Nsed signature in the Peruvian Upwelling area has most likely
primarily been controlled by surface water utilisation and not, as previously assumed,25

by subsurface nitrogen loss processes in the water column.
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1 Introduction

Global climate of the late Holocene was disrupted by major anomalies, the most recent
of which being the Little Ice Age (LIA) between ca. 1400 and 1850 AD (Lamb, 1965;
Grove, 2001). During that time a weakening of the Walker circulation (Conroy et al.,
2008), reduced influence of the South Pacific subtropical high (SPSH) along the Peru-5

vian margin (Sifeddine et al., 2008; Gutiérrez et al., 2009; Salvatteci et al., 2014), and
a southward shift of the mean position of the Intertropical Convergence Zone (ITCZ)
and the associated precipitation belt compared to today (Sachs et al., 2009) caused
pronounced changes in rainfall patterns in the tropics. El Niño-like warmer conditions
in the Eastern South Pacific were accompanied by an intensified South American sum-10

mer monsoon (Bird et al., 2011) resulting in ∼10 % higher precipitation in northeast
Peru (∼5◦ S; Rabatel et al., 2008) and up to 20–30 % higher precipitation in the Bo-
livian Andes (∼16◦ S; Reuter et al., 2009). On the one hand this caused growth and
extension of the Andean glaciers (Vuille et al., 2008) and on the other it enabled human
settlements in the presently hyperarid southern Peruvian Andes (Unkel et al., 2007). In15

the upwelling areas off Peru and the western South American shelf regions the main
consequence of these climatic conditions during the LIA was a deepening of the nutri-
cline and a strongly diminished biological productivity (Vargas et al., 2007; Sifeddine et
al., 2008; Valdés et al., 2008; Gutiérrez et al., 2009).

Sediment cores from the Peruvian shelf covering the period of time from the LIA until20

present indicate that the marine realm was characterised by an abrupt biogeochemi-
cal regime shift towards modern conditions at the end of the LIA due to the northward
movement of the ITCZ and an expansion of the SPSH. While low productivity and a
more oxygenated water column prevailed during the LIA, markedly increased biolog-
ical productivity and pronounced oxygen depletion over wide areas of the shelf have25

characterised the system since the end of the LIA (Vargas et al., 2007; Sifeddine et al.,
2008; Gutiérrez et al., 2009; Salvatteci et al., 2014).
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In this study the stable silicon isotope composition of sedimentary diatoms (δ30Siopal)
covering the period of time from the LIA to the present is analysed. The main goal is the
reconstruction of the factors controlling the dynamics of nutrient cycling together with
oxygen in the Peruvian upwelling, in particular a comparison between the δ30Siopal and

the stable nitrogen isotope composition (δ15Nsed) of sedimentary organic matter. Both5

δ30Siopal and δ15Nsed provide information about utilisation of silicic acid (Si(OH)4) and
nitrate (NO−

3 ) during primary productivity, e.g. during the formation of diatom frustules
and associated organic matter, respectively (Altabet and Francois, 1994; De La Rocha
et al., 1997). Diatoms preferentially incorporate the lighter isotopes from the dissolved
Si(OH)4 and NO−

3 pools leaving the residual dissolved nutrients enriched in the heavier10

isotopes (Wada and Hattori, 1978; Altabet et al., 1991; De La Rocha et al., 1997). For
the δ30Siopal this fractionation process is mainly controlled by the availability of Si(OH)4
in surface waters (e.g., De La Rocha et al., 1998; Brzezinski et al., 2002; Egan et al.,
2012). The δ15N of NO−

3 is partly controlled by NO−
3 utilisation of marine organisms

but is also affected by N-loss processes in the water column (denitrification, anammox)15

(Codispoti et al., 2001; Dalsgaard et al., 2003) resulting in a marked enrichment of the
upwelling source waters in the heavier 15NO−

3 (Liu and Kaplan, 1989; Lam et al., 2009;
given that it is currently not possible to distinguish between different N-loss processes
from the sediments we will use the term denitrification for simplicity). Consequently,
sedimentary δ15Nsed records from areas dominated by oxygen-depleted waters such20

as the shelf region off Peru are usually interpreted to directly reflect changes in the
intensity of subsurface NO−

3 loss and the extent and strength of oxygen depletion (e.g.,
De Pol-Holz et al., 2007, 2009; Agnihotri et al., 2008; Gutiérrez et al., 2009) whereas
the effect of NO−

3 utilisation on the preserved δ15Nsed is often neglected. Comparison of
both isotope systems can therefore provide information about the degree of utilisation25

of NO−
3 and Si(OH)4 versus the influence of NO−

3 loss processes. Increasing nutrient

utilisation should result in a consistent increase in both δ30Siopal and δ15Nsed. In con-

3360

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/10/3357/2014/cpd-10-3357-2014-print.pdf
http://www.clim-past-discuss.net/10/3357/2014/cpd-10-3357-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
10, 3357–3396, 2014

Nutrient utilisation
and weathering

inputs

C. Ehlert et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

trast, a change in NO−
3 reduction due to varying oxygen depletion in the water column

would affect only the δ15Nsed leaving the δ30Siopal unaffected.
The main forces driving surface productivity and subsurface oxygenation off Peru at

centennial time scales during the past two millennia have been changes in the strength
of the Walker circulation and in the expansion/contraction of the SPSH (Gutierrez et5

al., 2009; Salvatteci et al., 2014). Therefore, the radiogenic isotope compositions of
neodymium (εNd) and strontium (87Sr / 86Sr) of the authigenic ferromanganese (Fe-
Mn) oxyhydroxide coatings of the sedimentary particles, which are expected to record
the radiogenic isotope compositions of past bottom waters, as well as of the detrital
fraction of the sediment were examined. These proxy data provide information about10

changes of (surface ocean) circulation and of transport processes, provenance of the
sediments, and input mechanisms of terrigenous material as a function of changes in
precipitation on land during the transition from wetter LIA-conditions to drier modern
conditions. Weathering of continental source rocks delivers lithogenic particles of dif-
ferent origin and age to the shelf, which have distinct radiogenic isotope signatures15

(εNddetritus, 87Sr / 86Srdetritus) that can be used to trace their source areas (Goldstein
et al., 1984). Central Peruvian Andean rocks have more radiogenic εNd signatures
whereas southern Peruvian rocks are characterised by less radiogenic εNd signatures
(Sarbas and Nohl, 2009), which is also reflected in the sediments along the shelf (Ehlert
et al., 2013). Changes in detrital material input and transport pathways are generally20

closely related to climatic changes causing variations in the supply from the respective
source areas (e.g. Grousset et al., 1988). It should therefore be possible to detect the
transition from wetter LIA-conditions with higher local input from central Peru via rivers
due to higher precipitation rates towards the drier presently prevailing conditions with
an increased influence of eolian material transport from further south in the Atacama25

desert (Molina-Cruz, 1977) and deposition along the shelf after the LIA.
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2 Material and methods

2.1 Core locations and age models

For the reconstruction of surface water Si(OH)4 utilisation and terrestrial material in-
put and transport for the period of time between the LIA and present two sediment
cores with high sedimentation rates were analysed. Box core B0405-6 was recovered5

from the upper continental slope off Pisco at 14◦07.9′ S, 76◦30.1′ W in a water depth
of 299 m with the Peruvian R/V José Olaya Balandra in 2004 (Fig. 1) (Gutiérrez et
al., 2006). The age model was previously published by Gutiérrez et al. (2009) and is
based on downcore profiling of the activities of 241Am, excess 210Pb, and on radiocar-
bon ages obtained from bulk sedimentary organic carbon, which document that the10

core covers the past ∼650 years. The second core, multicorer M771-470, was taken
at 11◦ S, 77◦56.6′ W in 145 m water depth during cruise M77/1 with the German R/V
Meteor in 2008 (Fig. 1). The age model was obtained by measuring excess 210Pb activ-
ities and modeling of the resulting profiles as described by Meysman et al. (2005) (for
details see Supplement). Ages prior to ∼1850 AD were inferred using sedimentation15

rates from nearby core B0405-13 (Gutiérrez et al., 2009).

2.2 Methods

2.2.1 Biogenic opal and silicon isotope analyses

The biogenic opal (bSi) contents in both cores were measured following the sequential
leaching techniques described by DeMaster (1981) and Müller and Schneider (1993).20

Si isotope analyses were performed on the 11–32 µm diatom-fraction that was ex-
tracted from the sediment applying the procedures described by Morley et al. (2004).

Approximately 300 mg of sediment were treated with 30 % H2O2 and 35 % HCl
to remove organic matter and carbonate. Afterwards the sediment was wet-sieved
to separate the 11–32 µm fraction. In a third step a heavy-liquid solution (sodium-25
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polytungstate, 2.1–2.2 g mL−1) was applied in several steps to separate diatoms from
the detrital lithogenic silicate material. All samples were screened under the micro-
scope to verify their purity with respect to the detrital (clay) fraction.

The diatom samples were then transferred into Teflon vials and dissolved in 1 mL
0.1 M NaOH and diluted with MQ water according to Reynolds et al. (2008). More5

details are provided in Ehlert et al. (2012). Si concentrations of the dissolved diatom
samples were measured colorimetrically using a photospectrometer (Hansen and Ko-
roleff, 1999). Chromatographic separation and purification of the Si was achieved with
1mL pre-cleaned AG50W-X8 cation exchange resin (mesh 200–400) (Georg et al.,
2006; as modified by de Souza et al., 2012). Si isotope ratios were measured on a10

NuPlasma HR MC-ICPMS (Nu Instruments) at GEOMAR equipped with an adjustable
source-defining slit, which can be set to medium resolution to ensure separation of the
30Si peak from molecular interferences. The measurements were carried out applying
standard-sample bracketing (Albarède et al., 2004). All solutions were measured at a
Si concentration of 14–21 µmol kg−1 of samples and standards depending on the per-15

formance of the instrument on the respective measurement day and were introduced
into the plasma via a Cetac Aridus II desolvating nebulizer system equipped with a
PFA nebulizer operated at a 60 to 80 µL min−1 uptake rate. Si isotope compositions are
reported in the δ30Si notation as deviations of the measured 30Si / 28Si from the NIST
standard NBS28 in parts per thousand (‰). Repeated measurements of the refer-20

ence materials IRMM018 and Big Batch gave average δ30Si values of −1.52±0.18 ‰
(2σ(sd)) and −10.84±0.18‰ 2(sd), respectively, which are in good agreement with val-
ues obtained by other laboratories (Reynolds et al., 2007). Samples were measured
three to five times within a one-day session and measurements were repeated on at
least two separate days. The resulting uncertainties ranged between 0.04 and 0.23 ‰25

(2σ(sd)) (Tables 1, 2). Replicate measurements of an in-house diatom matrix standard
over longer periods of time gave an external reproducibility of 0.11 ‰ (2σ(sd)). Error
bars provided in the figures correspond to that external reproducibility unless the un-
certainties of the repeated sample measurements were higher.
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2.2.2 Neodymium and strontium isotope analyses

To obtain the radiogenic isotope composition of past bottom seawater at the sites of
the sediment cores from the early diagenetic Fe-Mn coatings of the sediment parti-
cles, previously published methods were applied (Gutjahr et al., 2007; see Supplement
for details). The residual detrital material was leached repeatedly to remove remain-5

ing coatings and was then treated with a mixture of concentrated HF-HNO3-HCl for
total dissolution. The separation and purification of Nd and Sr in the leachates and in
the completely dissolved detrital sediment fraction followed previously published proce-
dures for Nd (Cohen et al., 1988) and Sr (Horwitz et al., 1992) applying ion exchange
chromatography for separation of Rb / Sr from the rare earth elements (REEs) (0.8 mL10

AG50W-X12 resin, mesh 200–400) followed by separation of Sr from Rb (50 µL Sr-
Spec resin, mesh 50–100), and separation of Nd from the other REEs (2 mL Eichrom
Ln-Spec resin, mesh 50–100). All radiogenic isotope measurements were performed
on the NuPlasma HR MC-ICPMS (Nu Instruments) at GEOMAR. Measured Nd iso-
tope compositions were corrected for instrumental mass bias using a 146Nd / 144Nd of15

0.7219 and were normalised to the accepted 143Nd / 144Nd literature value of 0.512115
of the JNdi-1 standard (Tanaka et al., 2000). All values are given as εNd, which corre-
sponds to the measured 143Nd / 144Nd, normalised to the Chondritic Uniform Reservoir
CHUR (0.512638), multiplied by 10 000. The external reproducibility was estimated by
repeated measurements of the JNdi-1 standard and was always better than 20 ppm20

(2σ(sd) Tables 1, 2). Measured 87Sr / 86Sr ratios were corrected for instrumental mass

bias using 88Sr / 86Sr=8.3752 and were normalised to the accepted value for NIST
SRM987 of 0.710245. The 2σ(sd) external reproducibility of repeated standard mea-
surements was always better than 36 ppm (2σ(sd) Tables 1, 2). Procedural Nd and Sr
blanks for leachates and total dissolutions of the detrital material were ≤83 pg and25

2.1 ng, respectively, and thus negligible compared to the concentrations of the sam-
ples.

3364

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/10/3357/2014/cpd-10-3357-2014-print.pdf
http://www.clim-past-discuss.net/10/3357/2014/cpd-10-3357-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
10, 3357–3396, 2014

Nutrient utilisation
and weathering

inputs

C. Ehlert et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

3 Results

3.1 Core M771-470 (Callao)

Sediment core M771-470 located at 11◦ S in 145 m water depth, is characterised by
bSi concentrations between 10.1 % and 26.9 % and total N contents between 0.5 %
and 1.1 % (Fig. 2a, Table 1), whereby the lowest values occurred just prior to the end5

of the LIA. The maximum bSi concentrations were found during the transition period.
In contrast, the highest nitrogen (N) content occurred later in the youngest part of the
record. The δ30Siopal varied between +0.6 ‰ and +1.1 ‰ (Fig. 2b) and followed bSi
concentrations with the maximum and minimum isotope values corresponding to the
same respective depths for both parameters.10

The εNddetritus is characterised by values between −3.6 and −5.2 with a mean value
of −4.5±1.0 (2σ(sd)) (Fig. 2c, Table 1). The 87Sr / 86Srdetritus signatures of the same
samples range between 0.70647 and 0.70936 (Fig. 2d, Table 1). The variability of
εNddetritus and 87Sr / 86Srdetritus is very similar. Samples from the LIA show a trend to-
wards more radiogenic εNddetritus and less radiogenic 87Sr / 86Srdetritus. At the begin-15

ning of the transition period both records indicate a marked change to less radiogenic
εNddetritus and more radiogenic 87Sr / 86Srdetritus values, which was more pronounced in
the Sr than in the Nd isotope data, resulting in the youngest samples having the least
radiogenic εNddetritus and the most radiogenic 87Sr / 86Srdetritus signatures.

In theory, the radiogenic isotope composition of authigenic Fe-Mn oxyhydroxide coat-20

ings is a useful tracer to detect changes on the prevailing bottom water masses at a
distinct location. The PCUC, which dominates the bottom waters at the core locations
today, is characterised by radiogenic εNd signatures of −1.8 (Lacan and Jeandel, 2001;
Grasse et al., 2012). A deepening of the nutricline and a vertical expansion of surface
water masses during the LIA could change that value towards less radiogenic signa-25

tures typical for water masses originating from the South Pacific (Piepgras and Wasser-
burg, 1982; Grasse et al., 2012). However, as shown before (Ehlert et al., 2013) the
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authigenic coating fraction from sediments along the Peruvian shelf does not neces-
sarily represent changes in water mass advection and is therefore not a reliable proxy
(see also Supplement for details).

3.2 Core B0405-6 (Pisco)

In core B0405-6 located near 14◦ S off Pisco in 299 m water depth the range of bSi5

concentrations and its maximum value are higher than in core M771-470 and varied
between 12.6 % and 37.7 % (Fig. 2e, Table 2). The trends are very similar to those
of core M771-470 and bSi content correlates closely with the diatom accumulation
rate (Fig. 2e). The lowest values of both parameters occurred at the end of the LIA and
highest values were found right after the end of the LIA at the beginning of the transition10

period. The N content ranges from 0.5 % around 1860 AD to 1.8 % in the youngest
sample of the record (Fig. 2e) (Gutiérrez et al., 2009) with maximum N content in core
B0405-6 also being higher than in core M771-470. The δ30Siopal record shows the
same range from +0.6‰ to +1.1 ‰ as core M77 / 1-470 and a very similar trend with
the lowest values near the end of the LIA and the highest values immediately thereafter15

during the transition period (Fig. 2f, Table 3). The δ15Nsed ranges between +3.6 ‰ and
7.6 ‰ and shows a trend from lower mean values around +4 ‰ to +5 ‰ during the LIA
to higher values between +6 ‰ and +7 ‰ in the modern sediments (Fig. 2f).

The εNddetritus signatures are characterised by overall somewhat more radiogenic
values than of core M771-470 ranging from −4.1 to −2.5 (mean value −3.2±0.9, 2σ(sd)20

excluding the value of −0.2 εNd at 1761 AD, which is considered an outlier), with slightly
less radiogenic values in the older part of the record and more radiogenic values in the
younger part (Fig. 2g, Table 2). The 87Sr / 86Srdetritus values range between 0.70711 and
0.70796 (Fig. 2h, Table 2). Similar to core M771-470 although less pronounced, the
main feature in the detrital Sr isotope record observed is a trend from less radiogenic25
87Sr / 86Srdetritus values in the older part of the record towards more radiogenic values
in the youngest part with a shift at the end of the LIA and during the early transition
period.
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4 Discussion

After the end of the LIA around 1820 AD the mean position of the ITCZ shifted north-
ward (Sachs et al., 2009) causing an intensification of alongshore winds and enhanced
coastal upwelling off the Peruvian coast (Sifeddine et al., 2008; Gutiérrez et al., 2009),
diminished coastal sea surface temperatures (Vargas et al., 2007), and a decrease in5

precipitation on land (Rabatel et al., 2008; Bird et al., 2011). Records of productivity
and redox conditions based on δ15Nsed and the Mo and Cd content of the sediments
indicate a rapid change of the biogeochemical composition of the source waters to
higher nutrient concentrations causing higher biological productivity and lower subsur-
face oxygen, which have persisted until the present day (Sifeddine et al., 2008; Gutiér-10

rez et al., 2009; Salvatteci et al., 2014). The shift after the end of the LIA constitutes a
major anomaly of late Holocene climate in the Eastern Pacific, which was of the same
order of magnitude as the changes in conditions off Chile during the Younger Dryas
(De Pol-Holz et al., 2006). This study focuses on the reconstruction of the regime shift
from the LIA and a transitional period towards modern conditions and its controlling15

factors including the evolution of nutrient utilisation and changes in the advection of
water masses and material transport.

4.1 Changes in biological productivity and nutrient consumption

4.1.1 Evolution of surface water productivity and nutrient utilisation

The pronounced change in the biogeochemical regime from low productivity during the20

LIA to higher productivity during the transitional and modern period thereafter is doc-
umented by several sedimentary records from the EEP region and has been dated at
∼1820 AD (Sifeddine et al., 2008; Gutierrez et al., 2009; Díaz-Ochoa et al., 2009, 2011;
Salvatteci et al., 2014). Similarly, both cores M771-470 from 11◦ S and B0405-6 from
14◦ S off Pisco show the characteristic coeval pronounced increase in bSi and total N25

content (Fig. 2a, e) and Corg concentration (not shown here) after the end of the LIA
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and during the transition period. Therefore, three time periods that show distinct differ-
ences in productivity and nutrient utilisation have been identified from our records and
will be discussed in the following: the LIA, the transition period from the LIA to modern
conditions between ∼1820 and ∼1870 AD, and modern conditions after ∼1870 AD.

Both cores recorded a two- to threefold increase in bSi content from 10–12 % prior5

to the end of the LIA to values of up to 27 % in M771-470 and up to 38 % in B0405-6
during the transition period (Fig. 2a, e). Afterwards the bSi contents decreased again
but have remained at a level of ∼20 % and thus significantly higher than prior to the
end of the LIA. The increase in bSi content is also reflected by a marked increase in
diatom accumulation rate in core B0405-6 (Fig. 2e) (Gutiérrez et al., 2009). Analyses10

of the downcore diatom assemblages have shown that the high diatom accumulation
rates and bSi content in core B0405-6 during the transition period were associated
with diatom layers dominated by Skeletonema costatum (Gutiérrez et al., 2009), a
species that is today more abundant when upwelling is more intense during Austral
winter/spring.15

Both cores are characterised by a very high correlation between total N and Corg con-

tent (r2 = 0.95 for core M771-470 and 0.8 for core B0405-6, respectively) (Gutiérrez et
al., 2009; this study). In contrast, bSi and total N contents do not co-vary throughout
the records (Fig. 3a). Surface sediments from the Peruvian shelf region between the
Equator and ∼18◦ S show a relatively weak but positive correlation between bSi and20

N contents (r2 = 0.5, Fig. 3a) (Ehlert et al., 2012; Mollier-Vogel et al., 2012). Similar
to the surface sediments, bSi and total N concentrations in core M771-470 are pos-
itively correlated, whereas they essentially do not correlate in core B0405-6. This is
because the bSi maximum at the end of the transition period was more pronounced in
core B0405-6 and higher than surface sediment bSi contents anywhere along the shelf25

region off Peru. At the same time only a rather gradual increase in total N content with
some excursions to low values during the transition period occured (Fig. 2a, e). The
total N concentration also did not always co-vary with δ15Nsed (Fig. 3c). In particular,
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the samples from the late transition period show very low total N concentrations but
high δ15Nsed, high δ30Siopal and bSi content.

Sedimentary δ15Nsed data, which are only available for core B0405-6, show a shift
from lower values around +4 ‰ to +5 ‰ during the LIA to higher values around +7 ‰
after the end of the LIA and have remained at that level since then (Fig. 2f) (Gutiér-5

rez et al., 2009). The values in the younger part of the record are in good agreement
with surface sediment δ15Nsed data measured in the main Peruvian upwelling region
ranging from +6 ‰ to +9 ‰ (Mollier-Vogel et al., 2012). Bulk δ15Nsed signatures mea-
sured in core B0405-13 from 12◦ S (184 m water depth) close to the location of core
M771-470 can be used for comparison and show very similar values, amplitude, and10

variability as core B0405-6 (Fig. 2i) (Gutiérrez et al., 2009). In contrast to δ15Nsed,
the δ30Siopal signatures, which mainly reflect changes in surface water nutrient utilisa-
tion, are not only characterised by a simple increase at the end of the LIA. Instead,
both δ30Siopal records closely follow the evolution of the bSi concentrations and show

intermediate δ30Siopal signatures between +0.8 ‰ and +0.9 ‰ during the LIA, a pro-15

nounced short-term decrease to +0.6 ‰ at the end of the LIA, which was followed by
a marked increase to values around +1.1 ‰ during the transition period, and finally a
return to intermediate values between +0.8 ‰ and +1.0 ‰ in the modern part of the
records (Fig. 2b, f). The correspondence between bSi content and δ30Siopal is more
pronounced in core B0405-6 (Fig. 3b), which shows a higher variability and amplitude20

of bSi content. The difference in the δ30Siopal, δ
15Nsed, bSi and total N content records

during the transition from LIA to modern conditions reflects the different environmental
factors controlling the proxies, which will be discussed in the following sections.

4.1.2 Present day surface water utilisation versus subsurface nitrate loss

Diatoms are the dominant phytoplankton group of the Peruvian upwelling region25

(Estrada and Blasco, 1985; Bruland et al., 2005). The δ30Siopal of these diatoms is
primarily controlled by surface water diatom productivity and Si(OH)4 utilisation (De La
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Rocha et al., 1998; Brzezinski et al., 2002; Egan et al., 2012) but off Peru the δ30Siopal
has also been shown to be dependent on the isotopic signature of the advected surface
and subsurface water masses (Ehlert et al., 2012). Similarly, the δ15Nsed of the organic
matter is controlled by N isotope fractionation during NO−

3 uptake by phytoplankton,
mostly diatoms. Off Peru, however, the NO−

3 supplied to the surface waters has previ-5

ously been enriched in 15NO−
3 due to upwelling of oxygen-depleted subsurface waters,

which had undergone significant NO−
3 – loss processes (mostly denitrification, but also

anammox processes, associated with a high fractionation of up to 20–30 ‰) (Lam et
al., 2009; Altabet et al., 2012). Bulk sediment δ15Nsed in areas with oxygen-depleted
waters is therefore usually interpreted to reflect changes in the intensity of subsurface10

NO−
3 reduction and the extent and strength of the oxygen minimum zone (Altabet et al.,

1999; De Pol-Holz et al., 2007; Agnihotri et al., 2008; Gutiérrez et al., 2009). The direct
comparison of δ30Siopal, reflecting mostly utilisation, and δ15Nsed, reflecting both utili-
sation and NO−

3 reduction, from core B0405-6 off Pisco will therefore provide insights
into the strength of NO−

3 reduction in the past.15

Subsurface water column δ15NNO−
3

data from the present-day Peruvian shelf are iso-

topically very heavy, in particular along the southern shelf region between 10◦ S and
17◦ S, where values of up to +25 ‰ are reached due to the increasing oxygen deficit
and intensification of NO−

3 – loss processes (Mollier-Vogel et al., 2012; Altabet et al.,
2012). These isotopically enriched waters are upwelled along the shelf and represent20

the source for organic matter production in the surface waters. Therefore, it is expected,
that the deposited sedimentary organic matter reflects these enriched subsurface wa-
ter signatures. However, the latitudinal increase in surface sediment δ15Nsed from the
same shelf region to maximum mean values around +9 ‰ is much lower than that mea-
sured in the water column (Mollier-Vogel et al., 2012). The reason for this observation25

is that the δ15Nsed signal in the southern shelf region (10–17◦ S) did not fully record the
the 15NO−

3 enrichment in the water column but is a combination of the isotopic effects
associated with subsurface NO−

3 – loss and incomplete surface water NO−
3 utilisation
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and water mass mixing. Direct comparison of δ30Siopal and δ15Nsed allows to investi-
gate and to distinguish the relative importance of these processes (Fig. 4a). Diatoms
off Peru preferentially take up Si(OH)4 and NO−

3 at a ratio of ∼1 : 1 or below (Brzezinski,
1985; Takeda, 1998; Hutchins et al., 2002). If utilisation were the only driving factor, the
sedimentary δ30Siopal and δ15Nsed should all plot close to a line that reflects the en-5

richment during increasing utilisation, i.e. 1.1 ‰ for δ30Siopal (De La Rocha et al., 1997)

and ∼5 ‰ for δ15N (DeNiro and Epstein, 1981; Minagawa and Wada, 1984). Under the
influence of denitrification with an enrichment of ∼20 ‰ (Lam et al., 2009), however,
the relationship between δ30Siopal and δ15Nsed would be very different (Fig. 4a).

Most modern shelf samples plot either on or above the theoretical curve for utilisation10

implying, if at all, Si(OH)4 limiting conditions (Fig. 4a). Very few samples are shifted
towards the theoretical curve for denitrification, indicating a weak influence of NO−

3
– loss processes on the preserved isotope signatures. Especially along the central
shelf region (green curves in Fig. 4a), where the cores are located, surface sediment
signatures closely reflect the utilisation in surface waters with only little influence of15

NO−
3 – loss in the water column and sediments.

4.1.3 Past surface water utilisation versus subsurface nitrate loss

Assuming that source water isotope composition (+1.5 ‰ δ30SiSi(OH)4
, +9 ‰ δ15NNO3

)

and isotope enrichment during utilisation and denitrification (1.1 ‰ δ30Siopal, ∼5 ‰ and

∼20 ‰ δ15NNO3
for utilisation and denitrification, respectively) in the past were similar20

to the conditions of the present-day shelf region (Ehlert et al., 2012; Mollier-Vogel et al.,
2012), the samples of core B0405-6 indicate variable utilisation/NO−

3 – loss conditions
(Fig. 4b). Samples from the LIA and the transition period generally plot on or above the
utilisation curve indicating stronger Si(OH)4 than NO−

3 utilisation. This implies that in the
Peruvian upwelling system has rather been a Si(OH)4-limited system during that time,25

similar to today (Fig. 4a). During the transition period, when strong upwelling conditions
caused intense blooming of Skeletonema costatum, utilisation of Si(OH)4 and NO−

3 was
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very close to a 1 : 1 ratio. In contrast, the samples from the end of the LIA and also the
recent samples are shifted slightly towards the denitrification curve indicating a higher
influence of NO−

3 -loss processes. This is particularly the case for the samples from the

end of the LIA, which have the lowest δ30Siopal but at the same time already show a

strong increase in δ15Nsed to values of near +6 ‰. The most likely explanation is that5

upwelling was strongly increased during those brief periods resulting in high nutrient
supply, high productivity, and either more complete NO−

3 utilisation (Gutiérrez et al.,
2009) or increased NO−

3 – loss caused by enhanced subsurface oxygen depletion.
Overall, however, the utilisation signal appears to have dominated both the Si and N
isotope records.10

If, however, the δ15Nsed is dominated by utilisation it is interesting that in the cores
(both B0405-6 and -13) δ15Nsed and proxies for sediment redox conditions (e.g. molyb-
denum concentrations) are strongly coupled throughout the record (Sifeddine et al.,
2008; Gutiérrez et al., 2009). One direct interpretation could be that the diatom blooms,
and subsequently the degradation of the organic matter, strongly control the oxygen15

availability in the sediments after sedimentation and burial. Therefore, increased di-
atom productivity and higher Si(OH)4 and NO−

3 utilisation would result in an increase in

δ15Nsed. At the same time more oxygen is consumed during degradation of the organic
matter in the sediments causing more reducing conditions in the sediments. Conse-
quently, a change in the subsurface water column structure, e.g. enhanced re-supply20

of oxygen via ocean currents, may not be reflected in the δ15Nsed record.

4.1.4 Modelling the surface water utilisation

Following the above considerations we will try to quantify past utilisation based on our
data. The theoretical relationship between the degree of surface water nutrient util-
isation and the stable isotope composition of Si and N can be described assuming25

either Rayleigh-type (single input followed by no additional nutrients newly supplied to
a particular parcel of water followed by fractional loss as a function of production and
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export) or steady state (continuous supply and partial consumption of nutrients causing
a dynamic equilibrium of the dissolved nutrient concentration and the product) fraction-
ation behaviour (Fig. 5) (Mariotti et al., 1981). The lighter isotopes are preferentially
incorporated into the diatom frustules and the organic matter, respectively, leaving the
dissolved fraction enriched in the heavier isotopes (Wada and Hattori, 1978; Altabet5

et al., 1991; De La Rocha et al., 1997). The fractionation between δ30Si in seawater
and δ30Si in the produced diatom opal has generally been assumed to be −1.1 ‰ (De
La Rocha et al., 1997) whereas between δ15NNO−

3
of seawater and δ15N of the newly

formed organic matter it is usually between −3 ‰ to −6 ‰ (DeNiro and Epstein, 1981;
Minagawa and Wada, 1984). Here we adopted −5 ‰, which corresponds to present-10

day conditions along the central Peruvian shelf (Mollier-Vogel et al., 2012).
Along the Peruvian shelf region biological productivity in the euphotic zone is driven

by upwelling of nutrients from subsurface waters. For the calculation of the utilisation
of these nutrients, an initial δ30SiSi(OH)4

of +1.5 ‰ (Ehlert et al., 2012) and an initial

δ15NNO−
3

of +9 ‰ (Mollier-Vogel et al., 2012) for the upwelled water masses at 14◦ S15

is assumed. The lower mean δ15Nsed of about +5 ‰ and δ30Siopal of +0.7 ‰ signa-

tures during the LIA in the southerly core B0405-6 correspond to a dissolved δ15NNO−
3

and δ30SiSi(OH)4
isotope signature of the surface waters of +10 ‰ and +1.8 ‰ and a

calculated NO−
3 and Si(OH)4 utilisation of only 20–30 % for steady state-type fractiona-

tion (Fig. 5b) and 35–50 % for Rayleigh-type fractionation (Fig. 5a) behaviour, respec-20

tively. The highest mean values of +1.1 ‰ for δ30Siopal and +6.8 ‰ for δ15Nsed for the
transition period correspond to a much higher utilisation of ∼60 % for steady state-
type fractionation and ∼80 % assuming Rayleigh-type fractionation. Consequently, the
calculated utilisation of available Si(OH)4 and NO−

3 more than doubled, whereby bSi
concentrations and diatom accumulation rates increased by about a factor of three25

(Fig. 2e).
The changes in Si(OH)4 and NO−

3 utilisation were of the same order of magnitude
and reflect low nutrient utilisation during the LIA and much higher degree of utilisation
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thereafter. The large increase in δ15Nsed at the end of the LIA has been interpreted to
reflect an expansion of nutrient-rich, oxygen-poor subsurface waters (Gutiérrez et al.,
2009). However, comparison with δ30Siopal shows that indeed the increase in δ15Nsed
may have occurred as a consequence of the extension of the oxygen minimum zone
and increasing subsurface NO−

3 – loss but can also be explained by higher surface5

water utilisation. As Mollier-Vogel et al. (2012) have shown, the subsurface enrichment
of δ15NNO−

3
caused by NO−

3 – loss processes can only be reflected in the sediments

under near-complete surface water NO−
3 utilisation, which did obviously not occur at

our studied sites.
The overall relatively low δ30Siopal signatures between +0.8 ‰ and +1.0 ‰ during10

the LIA and in the modern part of the records (Figs. 2, 5) document that the utilisa-
tion of Si(OH)4 only changed slightly during the investigated period of time although
the accumulation rate of produced diatoms was much higher after the LIA (Fig. 2e)
(Gutiérrez et al., 2009). This suggests that the nutrient concentrations in the upwelled
subsurface source waters must have been lower during the LIA than they are today.15

During the LIA large-scale circulation changes, i.e. a weak Walker circulation and a
contraction of the SPSH (Conroy et al., 2008; Lamy et al., 2001), caused permanent
El Niño-like conditions along the Peruvian upwelling system. During such conditions,
the alongshore winds weakened and caused a deepening of the thermo-, oxy- and
nutricline, and therefore a reduction of vertical pumping of nutrient-rich and oxygen-20

depleted subsurface waters off Peru. Such a reduced nutrient supply to the euphotic
zone from subsurface waters resulted in an increase in nutrient deficit in surface waters
and decreased biological productivity. Enhanced water column oxygenation and lower
organic matter flux led to decreased organic matter preservation in the sediments.

4.1.5 Factors influencing the reconstruction of the utilisation signals25

There are two main factors that can influence the reconstruction of nutrient utilisation
in the past: (1) the interpretation strongly depends on the assumptions for the environ-
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mental conditions, e.g. source water signature and isotope enrichment during utilisa-
tion, and (2) a change in the dominating diatom assemblages has to be considered.

The assumed source water δ30SiSi(OH)4
and δ15NNO−

3
values of +1.5 ‰ and +9 ‰

(Figs. 5, 6), respectively, were measured in the present day subsurface waters un-
der strong upwelling conditions during which high amounts of nutrients are supplied5

to the euphotic zone (Ehlert et al., 2012; Mollier-Vogel et al., 2012). Under strong up-
welling conditions the bottom waters on the shallow shelf are today dominated by the
southward directed high-nutrient Peru-Chile Undercurrent (PCUC) (Fig. 1) (Brink et al.,
1983). Under LIA-conditions (prevailing El Niño-like conditions), however, atmospheric
and oceanic circulation was different; the nutricline was deeper as a consequence10

of a weak Walker circulation and the upwelling favourable winds were weaker as a
consequence of the SPSH contraction (Salvatteci et al., 2014). In fact, the pumped
waters were likely nutrient-depleted, because the Ekman layer did not reach the sub-
surface nutrient-rich waters. Under these conditions, the subtropical and equatorial
nutrient-depleted surface water masses may have occupied the entire surface layer in15

the coastal realm because they expanded both latitudinally and vertically in the water
column (Montes et al., 2011). This may have changed the source water isotopic sig-
natures and would therefore also change the calculated degrees of utilisation. If, for
example, the assumed source water δ15NNO−

3
was +6 ‰ instead of +9 ‰ (e.g. due to

weaker subsurface NO−
3 – loss and weaker 15N enrichment during the LIA) the down-20

core δ15Nsed data of core B0405-6 would all plot closer to the denitrification curve
(Fig. 4b). Redox proxies from the records, indeed, indicate a weaker OMZ (Gutiérrez
et al., 2009), which would make a lower δ15NNO−

3
in source waters likely. However, to

date there is no reliable information if and how much the source water δ30SiSi(OH)4
and

δ15NNO−
3

signatures changed over time.25

Varying upwelling and nutrient supply conditions also cause changes in the dominat-
ing diatom assemblages. Recent results from culturing experiments suggest species-
dependent enrichment factors for diatom-δ30Si (−0.5 ‰ to −2.1 ‰; Sutton et al., 2013)
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and also diatom frustule-bound δ15N (−1.9 ‰ to −11.2 ‰; Horn et al., 2011). This
raises the question whether a change in diatom assemblages may have been the cause
for the observed downcore δ30Siopal and, to a lesser extent, the bulk δ15Nsed variations.
The quasi-monospecific diatom layers from the transition period 1820–1870 AD consist
mainly of Skeletonema costatum (Gutiérrez et al., 2009), for which an enrichment factor5

ε of −1.0 ‰ similar to the applied −1.1 ‰ was determined (De la Rocha et al., 1997).
The younger sediments are also dominated by upwelling-indicative species such as
Thalassionema nitzschioides and Chaetoceros sp. (Abrantes et al., 2007), whereby
Chaetoceros brevis, a species from the Southern Ocean, has been shown to have a
much higher ε of −2.1 ‰ (Sutton et al., 2013). That means, assuming the same sur-10

face water δ30SiSi(OH)4
signatures, a dominance of Chaetoceros sp. in the sediments

should result in a lower δ30Siopal whereas assemblages dominated by Skeletonema

costatum should be characterised by higher δ30Siopal signatures, which is exactly what

core B0405-6 shows. Consequently, the difference in δ30Siopal over time could reflect
the change in diatom assemblage and not a change in nutrient utilisation. On the other15

hand, Chaetoceros brevis is a polar species and it is not clear whether off Peru it
undergoes the same high fractionation factor during frustule growth. Analysis have
shown that the offset between modern surface water δ30SiSi(OH)4

and surface sediment

δ30Siopal along the central Peruvian shelf is between −1.1 ‰ and −1.3 ‰ (Ehlert et
al., 2012), which indicates that either the enrichment factor for the dominating Chaeto-20

ceros species off Peru does not deviate significantly from −1.1 ‰ or that the mixing of
different diatoms in the sediment samples overprints any isotopic excursions of single
species caused by higher or lower fractionation factors. Given the paucity of data of
the fractionation factors for the dominant diatom species off Peru, the importance of
the role of downcore changes in the assemblage composition is hard to determine.25

However, in the following we investigate variations in past water mass circulation, up-
welling conditions, as well as material input and transport to reconstruct the source
water conditions.
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4.2 Changes in detrital material input and transport

The radiogenic isotope composition of the lithogenic particles (εNddetritus and
87Sr / 86Srdetritus) of the sediments provides useful information about the source region
of material and therefore about changes in material input and transport, either eolian or
via ocean currents (e.g. Grousset et al., 1988). Surface sediments along the Peruvian5

shelf show highly variable signatures, which have overall more radiogenic εNddetritus
values in the North and much less radiogenic εNddetritus values in the South off south-
ern Peru and northern Chile (Ehlert et al., 2013). This north-south trend is a conse-
quence of the southward increasing contributions of material input from the adjacent
Andean hinterland rocks. The Andean rocks along the northwestern South American10

region display a wide range in εNd and 87Sr / 86Sr signatures (Fig. 6) (Sarbas and Nohl,
2009) varying from highly radiogenic εNd around 0 and unradiogenic 87Sr / 86Sr values
around 0.704 in the equatorial region in northern Peru to much less radiogenic εNd

mostly below −4 and more radiogenic 87Sr / 86Sr mostly above 0.705 in southern Peru
and northern Chile. The sedimentary εNddetritus and 87Sr / 86Srdetritus records of the two15

cores off Callao at 11◦ S and off Pisco at 14◦ S show broad similarities, but also some
differences. Both cores recorded a significant change in εNddetritus and 87Sr / 86Srdetritus,
and therefore a change in provenance, at the end of the LIA and during the transition
period. Core M771-470, although being located further north, is overall characterised
by less radiogenic εNddetritus values than core B0405-6 (Figs. 2, 6). The εNddetritus of20

core M771-470 recorded a trend from less radiogenic towards more radiogenic values
prior to the end of the LIA, followed by a step of 1.5 εNd units towards less radio-
genic values, which afterwards remained at that level. In contrast, the εNddetritus record
of core B0405-6 remained at a level around −3.6 during the LIA and then slightly in-
creased to maximum values of up to −2.5 in the younger part. The 87Sr / 86Srdetritus25

record in both cores is mainly characterised by a rapid shift towards more radiogenic
values at the end of the LIA, whereby the change was much more pronounced in core
M771-470 (Fig. 2d, h). The youngest samples of the cores are in good agreement with
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measurements of surface sediments from the same area (Figs. 2, 6) (Ehlert et al.,
2013). The variability in core M771-470 display the same magnitude as the complete
glacial-interglacial variation in core SO147-106KL located at 12◦ S off Lima (Ehlert et
al., 2013). All data of both M771-470 and B0405-6 plot within the provenance fields of
southern Peru and northern Chile (Fig. 6).5

Today, material input along the Peruvian shelf occurs mostly via riverine and mi-
nor eolian input (Molina-Cruz, 1977; Scheidegger and Krissek, 1982). The LIA was
characterised by wetter conditions (Haug et al., 2001; Gutiérrez et al., 2009) due to
the mean southward migration of the ITCZ and the associated precipitation belt, which
also caused more intense rainfall in the central Andean hinterland (Rabatel et al., 2008;10

Reuter et al., 2009). Most terrigenous particles and weathering products such as clay
minerals from the LIA show indications of increased riverine transport and discharge
(Sifeddine et al., 2008; Salvatteci et al., 2014). Consequently, material input during the
LIA was dominated by local sources due to the higher river discharge. After the end of
the LIA, when the climate became drier and alongshore winds became stronger, river-15

ine input diminished and eolian dust input increased. The wind-blown dust has mainly
originated from the Atacama Desert located in the southern Peruvian and northern
Chilean Andes (Molina-Cruz, 1977). This material has less radiogenic εNd and much
more radiogenic 87Sr / 86Sr values (Fig. 6) (Sarbas and Nohl, 2009). The record of core
M771-470 is in agreement with this. The LIA-sediments indicate a local origin, probably20

via riverine input, whereas the younger sediments display characteristics from a more
southerly origin and therefore increased eolian sources, possibly from the Atacama
Desert. The signatures and overall small variations in core B0405-6 are much more
difficult to interpret. There are fewer rivers in Southern Peru around Pisco compared to
the Callao region. Therefore, riverine-derived material from northern and central Peru,25

which is transported via the PCUC, can get dispersed further south and can be de-
posited in the Pisco region. On the other hand, the influence of eolian deposition should
be much higher at the southern core location. During the LIA river input increased in
southern Peru as well, whereas eolian deposition was low. The invariate signature ob-
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served might be the result of mixing of sediment from the different sources. Also, in
comparison to core M771-470 core B0405-6 is located much closer to the coast, which
most likely diminished the differences in material input and transport between the LIA-
and modern conditions.

In summary, our combined proxies demonstrate that during the LIA upwelling and5

nutrient supply, productivity and utilisation were low, because eolian wind forcing was
low and the source waters of the upwelling carried less nutrients. In contrast, after
the end of the LIA and especially in more recent times, the strong remineralisation of
nutrients from subsurface waters fuelling enhanced productivity was only possible due
to an increase in trade wind strength as also reflected by higher dust supply probably10

driven by an expansion of the SPSH, and a shoaling of the thermocline/nutricline due
to a stronger Walker circulation.

5 Conclusions

Productivity, nutrient utilisation and material provenance proxies (bSi and N content,
δ30Siopal, δ

15Nsed, εNddetritus, and 87Sr / 86Srdetritus) from two cores from the Peruvian15

shelf recorded significant changes in surface water Si(OH)4 and NO−
3 concentration

and utilisation due to changes in upwelling intensity and nutrient supply. During the
LIA the overall nutrient content in the water column and in surface waters was low
because the upwelling source waters contained less nutrients. Consequently, the Pe-
ruvian upwelling regime was characterised by persistent reduced primary productivity.20

The reasons for this were likely a contraction of the South Pacific Subtropical High and
a weaker Walker circulation that produced a weakening of alongshore winds and a
deepening of the nutricline.

During the LIA, the stronger rainfall associated with more moist conditions during
prevailing El Niño-like conditions was recorded by the radiogenic isotope composition25

of the detrital material along the shelf, which was mainly transported via rivers from
the Andean hinterland. At the end of the LIA, in accordance with a northward shift
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of the ITCZ and an intensification of wind strength a higher dust transport of parti-
cles associated to drier conditions and eolian forcing is reflected by the radiogenic
isotope composition of the detrital sediments. These conditions are also reflected in
upwelling strength, with a rapid shoaling of the thermocline and nutricline, as well as
enhanced nutrient supply and productivity to the surface waters. During a transition5

period a strong increase in diatom blooming events doubled the Si(OH)4 and NO−
3 util-

isation compared to the LIA, and was also higher than present day utilisation. After
that transition period more persistent non-El Niño conditions favoured a high produc-
tivity accompanied with moderate utilisation of nutrients. The utilisation rates were on
the same order as during the LIA, but productivity was much higher, which reflects the10

much higher concentration of nutrients in surface waters.
Most studies of past coastal upwelling regions have argued so far that the sedimen-

tary δ15Nsed records were dominated by the large N isotope fractionation signature oc-
curring during NO−

3 – loss processes (denitrification or anammox) in oxygen-depleted

subsurface waters upwelling at the coast. Comparison between δ30Siopal and δ15Nsed15

in the same sediment samples of our study and assuming similar source water signa-
tures as today, however, indicate that the δ15Nsed signatures to a large extent reflect
expected utilisation signals, which has important implications for the reconstruction of
variations in the intensity of oxygen depletion, the N cycle of the past and its controlling
factors.20

The Supplement related to this article is available online at
doi:10.5194/cpd-10-3357-2014-supplement.
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of the age model of core M771-470.
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Table 1. Downcore records of core M77/1-470 for δ30Siopal (‰), bSi content (wt%) and
143Nd / 144Nd, εNd and 87Sr / 86Sr of detrital material. 2σ(sd) represents the external reproducibil-
ities of repeated sample (Si) and standard (Nd, Sr) measurements.

depth (cm) δ30Siopal(‰) 2σ(sd) bSi (wt%) 143Nd / 144Nddetritus εNddetritus 2σ(sd)
87Sr / 86Srdetritus 2σ(sd)

0.5 1.03 0.15 18.8 – – – – –
1.5 – – 18.6 – – – – –
2.5 – – 22.2 – – – – –
3.5 0.93 0.08 16.9 0.512369 −5.2 0.3 0.709315 1.5×10−5

4.5 – – 16.3 – – – – –
5.5 – – 17.2 0.512381 −5.0 0.3 0.709356 1.5×10−5

7 – – 19.5 – – – – –
9 0.96 0.09 19.8 0.512398 −4.7 0.3 0.708822 1.5×10−5

11 – – 18.8 – – – – –
13 – – 15.9 – – – – –
15 – – – 0.512383 −5.0 0.3 0.708737 1.5×10−5

16 0.96 0.07 19.3 – – – – –
19 – – – 0.512386 −4.9 0.3 0.708552 1.5×10−5

20 1.05 0.10 18.9 0.512410 −4.5 0.3 0.708412 8.0×10−6

23 – – – 0.512393 −4.8 0.3 0.708720 1.5×10−5

24 1.15 0.13 26.9 – – – – –
26 – – – 0.512387 −4.9 0.3 0.707482 8.0×10−6

27 – – – 0.512397 −4.7 0.3 0.707555 1.5×10−5

28 1.00 0.14 14.0 – – – – –
29 – – – 0.512452 −3.6 0.3 0.706549 1.5×10−5

32 0.55 0.17 10.1 0.512442 −3.8 0.3 0.706763 1.5×10−5

32 – – – 0.512445 −3.8 0.3 0.706469 8.0×10−6

36 1.10 0.15 14.4 0.512419 −4.3 0.3 0.706767 8.0×10−6

40 0.79 0.11 12.3 0.512408 −4.5 0.3 0.706964 8.0×10−6

44 0.91 0.18 15.0 0.512421 −4.2 0.3 0.707057 8.0×10−6

48 0.75 0.05 – 0.512395 −4.7 0.3 0.707816 8.0×10−6
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Table 2. Downcore records of core B0405-6 for δ30Siopal (‰), bSiO2 content (wt %) and
143Nd / 144Nd, εNd and 87Sr / 86Sr of detrital material. 2σ(sd) represents the external reproducibil-
ities of repeated sample (Si) and standard (Nd, Sr) measurements.

year AD δ30Siopal(‰) 2σ(sd) bSi (wt %) 143Nd / 144Nddetritus εNddetritus 2σ(sd)
87Sr / 86Srdetritus 2σ(sd)

1950 0.91 0.15 21.7 0.512507 −2.6 0.1 0.708372 8.0×10−6

1925 0.83 0.15 21.0 0.512460 −3.5 0.3 0.707923 8.0×10−6

1903 0.62 0.10 18.9 0.512487 −2.9 0.3 0.707715 8.0×10−6

1857 1.02 0.16 34.4 0.512471 −3.3 0.3 0.707829 8.0×10−6

1857 1.22 0.14 37.7 0.512481 −3.1 0.1 0.707736 8.0×10−6

1818 0.56 0.15 12.6 0.512468 −3.3 0.3 0.707702 8.0×10−6

1793 0.82 0.14 15.8 0.512446 −3.7 0.3 0.707265 8.0×10−6

1761 0.71 0.16 13.5 0.512627 −0.2 0.3 0.707296 8.0×10−6

1698 0.73 0.09 17.3 0.512462 −3.4 0.3 0.707278 8.0×10−6

1564 0.81 0.12 20.8 0.512467 −3.3 0.3 0.707281 8.0×10−6

1475 0.77 0.04 17.1 0.512427 −4.1 0.3 0.707959 8.0×10−6

1370 0.80 0.23 34.2 0.512509 −2.5 0.3 0.707111 8.0×10−6
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 1	  

Figure 1. Schematic circulation patterns in the Eastern Equatorial Pacific. Surface currents 2	  

(solid lines): (n)SEC: (northern) South Equatorial Current, PCC: Peru-Chile Current, 3	  

PCoastalC: Peru Coastal Current; subsurface currents (dashed lines): EUC Equatorial 4	  

Undercurrent, PCUC Peru-Chile Undercurrent (after Brink, 1983; Kessler, 2006), the inset 5	  

shows the detailed location of cores M771-470, B0405-6 and B0405-13 (grey dots). The 6	  

bathymetry is given for 0 to 1000 m water depth in 100 m increments.  7	  

  8	  
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Figure 1. Schematic circulation patterns in the Eastern Equatorial Pacific. Surface cur-
rents (solid lines): (n)SEC: (northern) South Equatorial Current, PCC: Peru-Chile Current,
PCoastalC: Peru Coastal Current; subsurface currents (dashed lines): EUC Equatorial Un-
dercurrent, PCUC Peru-Chile Undercurrent (after Brink, 1983; Kessler, 2006), the inset shows
the detailed location of cores M771-470, B0405-6 and B0405-13 (grey dots). The bathymetry
is given for 0 to 1000 m water depth in 100 m increments.
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 1	  

Figure 2. Downcore records for core M771-470 (upper panel) and core B0405-6 (lower 2	  

panel). The blue and yellow shadings indicate the age range of the LIA and the transitional 3	  

period, respectively. a/e) bSi concentration (black squares), total N concentration (dashed blue 4	  

curve), e) diatom accumulation rate (grey bars) (Gutiérrez et al., 2009), b/f) δ30Siopal (red 5	  

squares), f) bulk δ15Nsed (grey curve) (Gutiérrez et al., 2009), c/g) εNd detritus (black squares), 6	  

d/h) 87Sr/86Srdetritus (grey diamonds, x-axis is inverted), d) sediment porosity (grey curve). 7	  

Error bars represent 2σ(sd) external reproducibilities of repeated standard or sample 8	  

measurements. Panel i) for comparison shows the total N content and δ15Nsed of core B0405-9	  

13 (Gutiérrez et al., 2009). 10	  

  11	  
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Figure 2. Downcore records for core M771-470 (upper panel) and core B0405-6 (lower panel).
The blue and yellow shadings indicate the age range of the LIA and the transitional period,
respectively. (a, e) bSi concentration (black squares), total N concentration (dashed blue curve),
(e) diatom accumulation rate (grey bars) (Gutiérrez et al., 2009), (b, f) δ30Siopal (red squares),

(f) bulk δ15Nsed (grey curve) (Gutiérrez et al., 2009), (c, g) εNddetritus (black squares), (d, h)
87Sr / 86Srdetritus (grey diamonds, x axis is inverted), (d) sediment porosity (grey curve). Error
bars represent 2σ(sd) external reproducibilities of repeated standard or sample measurements.

Panel (i) for comparison shows the total N content and δ15Nsed of core B0405-13 (Gutiérrez et
al., 2009).
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 1	  

Figure 3. Surface sediment (white triangles) and downcore data (core M771-470: black 2	  

squares, B0405-6: grey diamonds, B0405-13: white circles) for a) total N versus bSi 3	  

concentrations (the dashed line marke the end of the LIA), b) δ30Siopal versus bSi 4	  

concentration and c) δ15Nsed versus total N concentrations. Error bars represent 2σ(sd) external 5	  

reproducibilities.  6	  
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Figure 3. Surface sediment (white triangles) and downcore data (core M771-470: black
squares, B0405-6: grey diamonds, B0405-13: white circles) for (a) total N versus bSi concen-
trations (the dashed line marke the end of the LIA), (b) δ30Siopal versus bSi concentration and

(c) δ15Nsed versus total N concentrations. Error bars represent 2σ(sd) external reproducibilities.
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 1	  

Figure 4. Relationship between δ15Nsed versus δ30Siopal for a) surface sediments and b) 2	  

downcore data from core B0405-6. The crosses in a) indicate δ30Si data obtained from hand-3	  

picked diatoms, which reflect a different growth season than bulk δ30Siopal and which are 4	  

influenced by stronger Si(OH)4 limitation (higher δ30Si) (Ehlert et al., 2012). The solid lines 5	  

reflect theoretical utilisation (assuming 1:1 utilisation of Si(OH)4 and NO3
- by the diatoms) 6	  

and the dashed lines mark the theoretically expected line for denitrification, which represent 7	  

the expected signal preserved in the sediments, based on present-day measurements: δ30Si 8	  

source signature and enrichment factor εdiatom-Si(OH)4 are always +1.5‰ (Ehlert et al., 2012) 9	  

and -1.1‰ (De La Rocha et al., 1997), respectively. δ15Nsed source signature and εorganic-NO3- 10	  

vary with latitude (Mollier-Vogel et al., 2012), in the north at 3.6°S source signature and ε are 11	  

+5.7‰ and -3.7‰ (red curves), along the central shelf at 13.7°S source signature and ε are 12	  

+8.9‰ and -4.8‰ (green curves), and in the south at 17°S source signature and ε were 13	  

measured to be +14.5‰ and -5.7‰ (blue curves), respectively. The samples are colour-coded 14	  

according to their location on the shelf and relative to the NO3
- utilisation/NO3

--loss that they 15	  

experienced. Data points that plot above the utilisation curves reflect predominant Si(OH)4 16	  

limitation whereas data points below record stronger NO3
- limitation. The isotopic enrichment 17	  

during denitrification was always set to be +20‰. For the downcore data (b) two different 18	  

assumed source signatures are displayed: +9‰ (green lines, corresponding to the modern 19	  

conditions along the central shelf region in a) and +6‰ (grey lines). Data points are colour-20	  
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Figure 4. Relationship between δ15Nsed versus δ30Siopal for (a) surface sediments and (b)

downcore data from core B0405-6. The crosses in (a) indicate δ30Si data obtained from hand-
picked diatoms, which reflect a different growth season than bulk δ30Siopal and which are influ-

enced by stronger Si(OH)4 limitation (higher δ30Si) (Ehlert et al., 2012). The solid lines reflect
theoretical utilisation (assuming 1 : 1 utilisation of Si(OH)4 and NO−

3 by the diatoms) and the
dashed lines mark the theoretically expected line for denitrification, which represent the ex-
pected signal preserved in the sediments, based on present-day measurements: δ30Si source
signature and enrichment factor εdiatom−Si(OH)4

are always +1.5 ‰ (Ehlert et al., 2012) and

−1.1 ‰ (De La Rocha et al., 1997), respectively. δ15Nsed source signature and εorganic−NO−
3

vary
with latitude (Mollier-Vogel et al., 2012), in the north at 3.6◦ S source signature and ε are +5.7 ‰
and −3.7 ‰ (red curves), along the central shelf at 13.7◦ S source signature and ε are +8.9 ‰
and −4.8 ‰ (green curves), and in the south at 17◦ S source signature and ε were measured to
be +14.5 ‰ and −5.7 ‰ (blue curves), respectively. The samples are colour-coded according
to their location on the shelf and relative to the NO−

3 utilisation/NO−
3 -loss that they experienced.

Data points that plot above the utilisation curves reflect predominant Si(OH)4 limitation whereas
data points below record stronger NO−

3 limitation. The isotopic enrichment during denitrification
was always set to be +20 ‰. For the downcore data (b) two different assumed source sig-
natures are displayed: +9 ‰ (green lines, corresponding to the modern conditions along the
central shelf region in (a) and +6 ‰ (grey lines). Data points are colour-coded according to the
respective time periods (black: LIA, white: transition period, grey: modern). Error bars represent
2σ(sd) external reproducibilities.
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 1	  

Figure 5. Theoretical changes in δ30Si and δ15N values of seawater and the instantaneous and 2	  

accumulated product as a function of f (remaining nutrients from the available pool = 3	  

[nutrientobserved]/[nutrientinitial]) with an initial δ30SiSi(OH)4 value of +1.5‰ and δ15NNO3- of 4	  

+9‰. The formation of the product, e.g. diatom opal, follows either a) Rayleigh-type 5	  

fractionation or b) steady state-type fractionation behaviour, with enrichment factors ε of -6	  

1.1‰ (δ30Si) and -5‰ (δ15N) (corresponding to conditions along the modern central Peruvian 7	  

shelf, see Fig. 4). The colour shadings mark the range of measured mean δ30Siopal (both cores) 8	  

and δ15Nsed (B0405-6 only) in the cores for the LIA (red), the transition period (blue) and 9	  

modern sediments (green), from which the respective nutrient utilisation (%) can be deduced. 10	  
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Figure 5. Theoretical changes in δ30Si and δ15N values of seawater and the instantaneous
and accumulated product as a function of f (remaining nutrients from the available pool =
[nutrientobserved]/[nutrientinitial]) with an initial δ30SiSi(OH)4

value of +1.5 and δ15NNO−
3

of +9 ‰.
The formation of the product, e.g. diatom opal, follows either (a) Rayleigh-type fractionation or
(b) steady state-type fractionation behaviour, with enrichment factors ε of −1.1 ‰ (δ30Si) and
−5 ‰ (δ15N) (corresponding to conditions along the modern central Peruvian shelf, see Fig. 4).
The colour shadings mark the range of measured mean δ30Siopal (both cores) and δ15Nsed
(B0405-6 only) in the cores for the LIA (red), the transition period (blue) and modern sediments
(green), from which the respective nutrient utilisation (%) can be deduced.
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 1	  

Figure 6. εNd detritus versus 87Sr/86Srdetritus for core M771-470 (red diamonds) and B0405-6 (blue 2	  

squares). Error bars represent 2σ(sd) external reproducibilities. The green dots are data 3	  

obtained from surface sediment samples at different sites on the Peruivian shelf. The grey 4	  

shadings indicate potential sources and provenance endmembers of the detrital material. 5	  
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Figure 6. εNddetritus versus 87Sr / 86Srdetritus for core M771-470 (red diamonds) and B0405-6
(blue squares). Error bars represent 2σ(sd) external reproducibilities. The green dots are data
obtained from surface sediment samples at different sites on the Peruivian shelf. The grey
shadings indicate potential sources and provenance endmembers of the detrital material.

3396

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/10/3357/2014/cpd-10-3357-2014-print.pdf
http://www.clim-past-discuss.net/10/3357/2014/cpd-10-3357-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

