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[1] Using multiproxy sediment core data from the El Niño–Southern Oscillation (ENSO)-sensitive Peru
margin, subdecadally resolved (down to �0.6 year) surface productivity and subsurface denitrification are
reconstructed for the last �2300 years. Scanning XRF generated major elemental data (Ti, Fe, Si) correlate
well with discrete inductively coupled plasma-atomic emission spectometry (ICP-AES) analyses and
together with X-radiography (core density) are used as productivity indices. As surface productivity in this
marine region is strongly impacted by ENSO, higher (lower) periods of surface productivity are inferred to
represent a persistent normal/La Niña (El Niño)-like state. Surface productivity and subsurface
denitrification appear to have remained intimately coupled during this period due to direct stimulation
of requisite subsurface suboxia and/or hydrographic restructuring. The late Holocene Peru margin is
characterized by persistent moderate productivity and subsurface denitrification punctuated at centennial
scale by shorter-duration periods of high production and intense denitrification. These centennial-scale
events are likely analogous to modern observations of decadal-scale ‘‘regime shifts’’ but of higher
amplitude and provide a background history for future natural changes to this system. Solar (irradiance)
variability is suggested to have influenced Peru productivity as evidenced in numerous high-resolution
paleorecords from the northern hemisphere.
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1. Introduction

[2] Present-day controls of modern climate aswell as
the future course of anthropogenic climate change
may be elucidated through identification of natural
climate variability and dominant forcing(s) in the late
Holocene before anthropogenic greenhouse effects
became significant. Temporally well resolved Holo-
cene records have been obtained from marine as well
as continental repositories and numerous records
from both low and high latitudes in the northern
hemisphere show evidence for significant decadal- to
centennial-scale climate oscillations, perhaps in-
duced by solar irradiance forcing [Agnihotri et al.,
2002; Fleitmann et al., 2003; Gupta et al., 2003;
Wang et al., 2005; Bond et al., 2001; Hu et al., 2003;
Mangini et al., 2005]. However, relatively absent are
comparable high-resolution paleorecords from the
southern hemisphere, especially the tropics, leaving
open the question of whether the observed Holocene
climate variability was global in nature and if not, the
nature of any phase lags between northern and
southern hemispheres.

[3] The climate of the tropical Pacific and the Peru
margin in particular is strongly impacted by the El
Niño-Southern Oscillation (ENSO), the inter-annual
weakening/strengthening of the equatorial Walker
circulation that also remotely influences global cli-
mate through teleconnections [Philander, 1983;
Cane and Clement, 1999]. The Peru margin is
characterized by high surface biological activity
driven by persistent coastal upwelling of nutrient
rich waters from the poleward flowing subsurface
(Peru) undercurrent. This undercurrent carries poorly
ventilated waters of ultimately subantarctic origin
promoting an intense subsurface oxygen minimum
zone (OMZ) and substantial water column denitrifi-
cation [Liu, 1979; Codispoti et al., 1986; Altabet,
2005]. During El Niño conditions, relaxation of the
Walker circulation causes warm, nutrient-poor sur-
face waters of western equatorial Pacific origin to
spread eastward ultimately suppressing isotherms
and the oxycline along the Peru margin. Upwelling
of nutrient-poor water causes reduction of primary
productivity and crashes in fisheries [Arntz and
Fahrbach, 1991]. ENSO has characteristic periodici-
ties of 4 to 7 years [Moy et al., 2002]. However,
decadal-scale ENSO-like variability has also been

noted in the eastern Pacific (Pacific decadal oscilla-
tion; PDO) [Linsley et al., 2000].

[4] Excellent preservation of organic matter (OM) in
rapidly depositing continental margin sediments un-
derlying the OMZ off Peru permits high-fidelity
preservation of proxy indicators of surface produc-
tivity (Corg, N, Opal contents, etc.) and subsurface
denitrification (sedimentary d15N) with minimal bio-
turbation influence. Therefore, high sedimentation
rates (�mm/a) provide high-resolution paleoceano-
graphic variability recorded in well-dated sediment
cores from this region and thus an opportunity to
characterize paleo-ENSO-like variability with re-
spect to productivity and OMZ intensity beyond
the inter-annual timescales observed in the modern
period and assess likely forcings. Despite the pale-
oclimatic importance of this region, few high-
resolution paleoceanographic reconstructions have
been obtained from the Peru margin [Rein et al.,
2004, 2005]. This is attributed to (1) poor preserva-
tion of foraminiferal CaCO3 limiting application of
conventional dating schemes and (2) difficulty in
achieving sufficient temporal resolution with con-
ventional millimeter- to centimeter-scale sediment
core sampling of sediment cores for proxy analysis.

[5] Recently, radiocarbon analysis of extracted
sedimentary alkenones (exclusively produced from
marine algal compounds) has been proven as a
reliable dating tool in this region. By comparison
with compound specific alkenone 14C dates,
Higginson and Altabet [2004] also demonstrated
the validity of previously published 14C dates of
bulk organic carbon from the Peru margin [Reimers
and Suess, 1983]. Hence, 14C dating of bulk organic
carbon yields reliable sediment core chronologies
for this ENSO sensitive margin. A second impor-
tant advancement has been the advent of scanning
XRF determination of sediment core elemental
composition at submillimeter scale with reasonable
accuracy and precision [Croudace et al., 2006].
Accordingly, very high temporal resolution records
may be obtained, only limited by sediment accu-
mulation rate and degree of bioturbation. The
scanning XRF facility at Woods Hole Oceano-
graphic Institute (WHOI) used in this study also
provided X-radiographs (density) and optical im-
agery (sediment visual appearance) readily aligned
with the chemical data.
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[6] Using these recent advances in sediment dating
and high-resolution proxy detection, we have
reconstructed the paleoceanographic history of
the Peru margin spanning the last �2300 years.
Since ENSO is known to have a vital role in
governing surface productivity off Peru on inter-
annual timescales [Arntz and Fahrbach, 1991], we
infer periods of increased surface productivity as
representing a persistent normal or La Niña-like
state with lower productivity periods as a persistent
El Niño-like state. The ultrahigh-resolution major
elemental data for Si, Fe and Ti generated by
scanning XRF (at 0.04 cm depth intervals) is
compared and calibrated with inductively coupled
plasma-atomic emission spectometry (ICP-AES)
measurements at cm-scale following conventional
chemical digestion procedures. These data are
compared to ultrahigh-resolution variations in sed-
iment density determined by X-radiography. In
addition, we also use bulk sedimentary N (wt. %)
as an index of surface (organic) productivity and its

isotopic ratio (d15N) as an index of water column
denitrification on the Peru margin, both measured
at cm resolution.

2. Study Site

[7] The location of core W7706-40 (W40; 11.3�S
78.0�W, 186 m depth; Figure 1) lies on the edge of
the Peruvian shelf within the region of high surface
productivity and overlaid by suboxic waters that
favor deposition of laminated organic-rich, diato-
maceous sediments [Kudrass, 2000]. These sub-
oxic waters experience substantial denitrification
but not sulfate reduction [Codispoti et al., 1986].
These waters are geographically found between
�5�S to 15�S, and contact the seafloor along the
Peru margin between 150 and 400 m water depth
[Bruland et al., 2005]. During normal/La Niña con-
ditions, intense coastal upwelling of cool, nutrient-
rich waters fuels high surface productivity in the

Figure 1. Location of core W7706–40 off Peru. Inset shows age-depth model used. Linear fit through initial seven
14C dates shows linear sedimentation (�0.74 mm/a) for the last �2300 years, before which sedimentation rate was
sharply reduced (�0.16 mm/a). Vertical error bars represent 1s uncertainty on calibrated ages and horizontal error
bars show uncertainty on mean depths.
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region. During El Niño events, upwelling of
nutrient rich water diminishes as the thermocline/
nutricline deepens, resulting in warm surface water
anomalies (Figure 2) and a substantial decrease in
surface productivity, as observed by fishermen and
modern instrumental data [Arntz and Fahrbach,
1991]. Both the reduced flux of carbon and
depression of the thermocline moderate suboxic
conditions along the Peru margin by corresponding
deepening of the oxycline. Therefore, it is expected
that a higher degree of water column denitrification
would coincide with normal/La Niña conditions,
while El Niño conditions should result in a sup-
pression of subsurface denitrification on the Peru
margin.

3. Methods

[8] The age-depth model of the core W40 (Figure
1 inset) was established using 14C dating of bulk
organic carbon. All radiocarbon ages were cor-
rected assuming a reservoir age of 420 years and
having 1s error � 150 years during the Holocene.
Core W40 has a sedimentation rate of �0.74 mm/a
for the last �2300 years before which sedimenta-
tion rate was significantly reduced (approximately
0.163 mm/a) (Figure 1 inset). We thus discuss in
this report the paleoceanographic history spanning
just the last �2300 years due to the better temporal
resolution and chronological constraints for this
period in this core.

[9] Ultrahigh-resolution XRF data, optical and
X-ray imageries were obtained at 0.4 mm depth
intervals corresponding to an average temporal

resolution of �0.54 years. For other chemical and
isotopic analysis, sediments were sampled every cm
and freeze-dried prior to analysis. Measurements of
N content (wt. %) and d15N were made on �10–
25 mg aliquots of homogenized dried bulk sedi-
ment. Bulk sedimentary d15N is considered equiv-
alent to d15N of sedimentary OM, as inorganic
nitrogen (NH4

+) content is very small as compared
to organic nitrogen in organic rich sediments
[Altabet et al., 1995, 1999]. Details of isotope
analytical methods are published elsewhere
[Altabet et al., 1999]. All d15N data are relative to
atmospheric N2 and overall reproducibility of d15N
measurements (including sample preparation and
analyses) is better than ±0.2%. The ultrahigh-
resolution major element data measured by scan-
ning XRF were calibrated/compared with discrete
cm-scale chemical data. For these, admixtures of
sediments samples (�0.4 g) and lithium meta-
borate (�0.16 g) flux were fused at �1100�C in a
furnace making a glass-bead which was dissolved
in 10% HCl. Elemental concentrations were then
determined using ICP-AES (JY-Horiba; facility at
Brown University). Accuracy and analytical preci-
sion were checked using standard reference materi-
als, which were better than 5% for all the major
elements. The calibrations necessary to convert raw
scanning XRF data to sediment concentration data
were derived using results from nearby sediment
core ODP1228D (Figure 1) for which both XRF
and ICP-AES elemental data were available over a
0 to 3 mbsf core depth interval. We fully expect this
calibration to apply to W40 given very the similar
sediment compositions for each. Statistically sig-
nificant correlations for the major elements Fe, Ti

Figure 2. Sea surface temperature anomaly during the 1997/1998 El Niño (http://www.cdc.noaa.gov/map/clim/
sst_olr/el_nino_anim.shtml) and core location of W40 off Peru.
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and Si validate this approach (Figure 3). Since XRF
data for discrete, homogenized samples show little
scatter with respect to accepted values (not shown),
some fraction of the scatter in the comparison of
XRF data to conventional measurements are due to
sediment inhomogeneities. Using these calibra-
tions, ultrahigh-resolution XRF data for core W40
were converted to respective elemental concentra-
tions and compared with concentrations measured
at cm-scale by ICP-AES (every fifth depth interval).
Fe, Ti and Si contents of core W40 measured by the
two different techniques (Figure 4) also show
statistically significant matches further validating
the use of ultrahigh-resolution XRF data for pale-
reconstruction in this region.

4. Results and Discussion

4.1. Surface Productivity Indices

[10] Optical and X-ray images of core W40 clearly
reveal the presence of banding and periodic finer
laminations throughout the core (Figure 5). X-ray
images of the core were digitized to a gray scale
index of 0 (Black) to 255 (white) using MATLAB
(Figure 5). This gray scale index represents density
variations in sedimentary material due to varying
proportions of low-density biogenic (lighter) and
higher-density continental lithogenic (denser/
darker) components. Lighter X-radiograph gray
scale indicates a higher proportion of biogenic
components (e.g., biogenic opal and OM) and
likely higher surface productivity, whereas darker
gray scale a greater proportion of lithogenic mate-
rial (e.g., clays) and lower productivity. Therefore,
X-radiograph gray scale constitutes an ultrahigh-
resolution proxy record for surface productivity. A
visual comparison of X-radiograph gray scale with
XRF Fe and Ti data shows an excellent covariance
with sediment density (Figures 6a, 6f, and 6g).
Since in continental margin sediments, Fe and Ti
are found predominately in the denser lithogenic
fraction [Calvert and Pedersen, 1993], this result
further supports our interpretation of X-radiograph
gray scale as a proxy for surface productivity in
this setting.

[11] We also use centimeter-scale measured N
(wt%) and XRF Si/Ti ratios (submillimeter scale)
as more conventional proxies of organic and sili-
ceous (biogenic opal) productivity respectively.
Depth profiles of opaline silica content (measured
by chemical extraction in 2M Na2CO3 method
[Mortlock and Froelich, 1989]) and ICP-AES Si/
Ti ratio in core ODP1228D were found to be

Figure 3. Calibration plots of major elements Fe, Ti,
and Si measured by scanning XRF and ICP-AES for
core ODP1228D.
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statistically well correlated (data not shown). This
supports the reliability of ultrahigh-resolution Si/Ti
ratios as a proxy for siliceous productivity in the
study region. As expected, lighter X-radiograph
gray scale also correlates with N (wt%) and Si/Ti
ratio (Figures 6a, 6b, and 6d). Ultrahigh-resolution
Si/Ti ratios exhibit very high amplitude and high
frequency variability and are, therefore, plotted on
a log scale (Figure 6d). Fluvial, lacustrine, and
marine sediments have been found to contain sig-
nificant concentrations of organohalogens which
cannot be explained by known anthropogenic hal-
ogen compounds [Müller et al., 2004], indicating
sedimentary Br could be used as indicator of
organic productivity in coastal organic-rich envi-
ronments such as Peru margin. Ultrahigh-resolution
Br data when normalized with Ti also show the
high-amplitude and high-frequency variability seen
in the Si/Ti depth profile.

[12] Recent paleoreconstructions from the Peru
margin used lithic sediment fraction (measured by
reflectance spectra) as a proxy for continental
lithogenic material supplied to shelf sediments
during strong El Niño-related precipitation events
[Rein et al., 2004, 2005]. However, the concentra-
tion of any component in the sediment, biogenic or
lithogenic is also a function of dilution by other
components. We take an alternative view that
lithogenic material in this highly productive region
acts mainly as a diluent for the biogenic component
of the sediments. Variability in sedimentary con-
centrations of lithogenic tags such as Fe and Ti
arises from the production and accumulation of
biogenic opal in the sediments and to a lesser degree
OM. Ultrahigh-resolution Fe and Ti data may thus
be used as negative indices of surface productivity
assuming that changes in Fe and Ti contents due to
past land runoff variability are small as compared
to net dilution effect caused be relatively larger

Figure 4. Comparison of Fe, Ti, and Si contents, measured by scanning XRF (at depth resolution of 0.04 cm;
shown in gray) with ICP-AES (at cm resolution; shown as black triangles) for core W40.
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productivity changes. In addition, surface produc-
tivity and coastal runoff are both inversely related
in modern climatic conditions off Peru, i.e., dur-
ing normal/La Nina conditions (ENSO) when
surface productivity off Peru is high (lower),
contribution of land runoff is very small (higher)
due to prevailing arid (wet) conditions inland of
the Peru coast. Therefore, modern climatic con-
ditions off Peru also support the view that Fe and
Ti are negative indices of surface productivity at
the core site. Ti is better for this purpose than Fe,
which is subject to early diagentic (redox) effects.
However, depth profiles of both Fe and Ti are
strikingly similar during the entire depositional
history of core W40 (Figure 6) as previously
observed in the Cariaco basin [Haug et al.,
2001]. In the next section, we also use the depth
profile of sedimentary d15N as a proxy for sub-
surface denitrification in the Peru margin to
further evaluate the validity of our interpretation.

4.2. Sedimentary d15N as Index of
Subsurface Denitrification

[13] The Arabian Sea (off the Oman margin), ETNP
(off the western Mexican margin) and ETSP (off
Peru and Chilean margin) are the major oceanic
regions with suboxic intermediate waters produced
by poor ventilation and high downward flux of OM.
Water column denitrification in the subsurface
waters of these regions (OMZs) produces extensive
isotopic fractionation (e � 20 to 30%), leaving the
remaining NO3

� pool enriched in 15N [Liu and
Kaplan, 1989; Brandes et al., 1998], which
subsequently is transferred by upwelling into the
phytoplankton community and eventually, sedi-
mentary OM. Under conditions of complete sur-
face nutrient utilization, sinking OM ultimately
leaves this enriched 15N signature in underlying
sediments. Combined water column NO3

�, sedi-
ment trap and surface sediment d15N data confirm
isotopic balance between influx of NO3

� into the

Figure 5. X-radiographs and optical images of core W7706-40. X-radiographs show presence of laminations
throughout in the form of density variations. Lighter portions have relatively higher proportions of surface-produced
biogenic components as compared to denser (darker) lithogenic material.
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euphotic zone and loss from sinking particles
[Schäfer and Ittekkot, 1993; Altabet et al., 1999].
Thus, sedimentary d15N has been successfully used
as a reliable tool to track past changes in water
column denitrification. Denitrification in turn was
found to be strongly coupled with global climate
changes during the late-Quaternary as mediated by
changes in upwelling-stimulated productivity and/
or ventilation of subsurface waters [Altabet et al.,
1995, 1999, 2002; Ganeshram et al., 1995, 2000].
Fe limitation of phytoplankton production in the
oceanic high-nutrient low-chlorophyll (HNLC)
region off Peru could result in partial utilization
of nutrients thereby influencing the d15N of sinking
OM. However, modern upwelled waters on the
central Peru margin have been found to be Fe-rich
due to contact with reducing sediments [Bruland et
al., 2005]. In fact, in the core of the Peru margin
denitrification zone (�15�S), both water column
water NO3

� and sedimentary d15N data show large

isotopic enrichment (up to 10–11% [Liu, 1979]).
This d15N signal is thus faithfully transferred to
Peru margin sediments as is the case for the
Arabian Sea and ETNP [Altabet, 2005] and should
reflect the denitrification history of subsurface
waters off Peru.

[14] The d15N depth profile of core W40 shows a
striking covariance with X-radiograph gray scale
(Figures 6a and 6c). This covariance of d15N with
surface productivity index is of vital significance as
it first rules out the possibility of Fe limitation
influencing sedimentary d15N in the study region.
Otherwise during lower surface productivity, Fe
limitation would lead to higher d15N due to com-
plete utilization of a reduced NO3- flux to surface
waters. Second, good covariance between d15N and
gray scale index (surface productivity) shows that
variations in Peru margin denitrification were very
likely controlled by surface productivity during the
last �2300 years (Figure 7). Though the excellent

Figure 6. Centennial to subdecadally resolved multiproxy data of core W40. (a, b, d, and e) Surface productivity
indices (N%, Si/Ti, and Br/Ti ratios) correlate with lighter gray scale together with bulk d15N. (a, f, and g) Ti and Fe
are major components of denser lithogenic material and thus anticorrelate with productivity indices. Horizontal gray
bar shows the presence of an ash layer.
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covariance found between gray scale and d15N does
not unequivocally rule out the possibility of dilution
by terrigenous material, it certainly suggests pro-
ductivity variations were dominant enough to in-
duce changes in subsurface suboxic conditions;
therefore, we find it less likely that there were large
variations in delivery of clays as compared to
diatom productivity on this arid margin.

4.3. Ultrahigh-Resolution Variability in
Peru Margin Productivity

[15] The age-depth model for core W40 indicates
linear sedimentation (r2 = 0.98) for last �2.3 ka
B.P. before which sedimentation rate was signifi-
cantly reduced (Figure 1 inset). Using our estab-
lished proxies, i.e., gray scale, Si/Ti ratios, N
content and d15N, we reconstruct surface produc-
tivity and subsurface denitrification changes of the
Peru margin for the best resolved part of this
record, the last �300 to 2300 years (Figure 7).
Owing to presence of obvious cracks due to drying
of sediment core top (of W40), the initial 0 to 4 cm
XRF data is not continuous, and therefore omitted
from the depth profiles shown. Most of the pro-
ductivity proxies show a series of correlated peaks

and valleys of millennial to decadal scale. N (wt%)
shows the weakest signal, d15N is well correlated
with the proxies for biogenic opal deposition.
Figures 7b, 7c, and 7d clearly show that there are
at least 4 major events at �500, 1000, 1450 and
�1800 years B.P. when surface productivity (cou-
pled with subsurface denitrification) intensified and
persisted for �50 years. Our proxy indicators for
the biogeochemical system off Peru show the
dominance of centennial-scale variability upon
which lower-amplitude, higher-frequency variabil-
ity is superimposed.

[16] This record is remarkable in showing the late
Holocene Peru margin to be characterized by
persistent moderate productivity and less intense
denitrification that is punctuated at centennial scale
by relatively shorter-duration periods of high pro-
duction and intense denitrification. These events
are likely analogous to modern observations of
decadal-scale ‘‘regime shifts’’ not only along the
Peru margin but also coincidently across the entire
Pacific [Chavez et al., 2003]. A persistent El Nino-
like interval from the 1970s to 1990s was marked
by depressed thermocline depth along the western
South America coast [Pizzaro and Montecinos,

Figure 7. Subsurface denitrification and surface productivity variations off the Peru during the last �2300 years.
Ten point moving averages of ultrahigh-resolution gray scale, Ti, and Si/Ti data are shown as solid lines.
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2004] and reduced Equatorial Tropical Pacific flow
and upwelling [McPhaden and Zhang, 2004].
Though its ultimate forcing is not clear, the tropical
Pacific is clearly capable of longer-term restructur-
ing of its hydrography and flow fields to produce
ENSO-like oscillations at longer periods. Our
results demonstrate even higher amplitude variabil-
ity at the centennial-scale that has not, as of yet,
been observed during the modern instrumental
period. It should be of general concern that modern
conditions on the Peru margin may be more
representative of the shorter-lived, higher produc-
tivity intervals observed in core W40. Our results
indicate a reasonable likelihood in the near future
of a natural switch back to the lower productivity
(and less intense denitrification) more typical of the
last two millennia.

4.4. Spectral Analysis of Paleoproductivity
Proxies

[17] Spectral analysis was used to more rigorously
characterize periodicities in Peru margin produc-
tivity. As significant ‘‘noise’’ could be expected
with ultrahigh-resolution gray scale and Ti data;
4 point binning (block averaging) of proxy data
sets were carried out and splined to yield a tem-
poral resolution of �2 years, still sufficient for
detection of frequencies from the ENSO (subdeca-
dal) to centennial range. Spectral analyses of the
proxy data spanning a period from �300a to 2.3 ka
B.P. were carried out using the multitaper method
[Mann and Lees, 1996] (http://www.atmos.ucla.
edu/tcd/ssa/). Results of spectral analyses of gray
scale index and Ti data of core W40 show multiple
significant cycles of�250, 154, 83,�56–38,�22–
24, �11–9.4, �7.4–5.7 years (Figure 8). While
cycles of�83, 22–24 and�11–9.4 years may be of
solar origin, periodicities of �7.4–5.8 years fall
within the ENSO range (3 to 7 years). Presence of
other multidecadal periodicities might be attrib-
uted to several decadal-scale ocean-atmospheric
feedback processes controlling surface productiv-
ity and mutual interactions among them giving
rise to other coupled modes such as PDOs.

5. Plausible Solar Forcing of Peru
Margin Productivity

[18] Decadal to centennial-scale variability in Peru
productivity is likely manifest through the mean
latitudinal position of ITCZ at the extremes of its
seasonal oscillation. The ITCZ is a circum-global
atmospheric belt of upward convection and rainfall

marking the confluence of northern and southern
trade winds. A more northerly (southerly) position
likely leads to higher (lower) surface productivity
off Peru by analogy to normal/La Niña (El Niño)
conditions probably through increase in upwelling
favorable winds as well as the depth of oxyclines
and nutriclines along the Peru coast. The global
extent of ITCZ climatically links regions otherwise
remote from each other (e.g., Peru and South Asia).
Sensitivity of major climate phenomena such as the
Indian monsoon and ENSO to ITCZ position has
been demonstrated in both paleoclimatic records as
well as model simulations [Fleitmann et al., 2003;
Clement et al., 1999]. A more northerly position of
ITCZ during N. Hemisphere summer favors stron-
ger convective cloud development and higher
monsoonal precipitation over Arabia and India
[Fleitmann et al., 2003; Gupta et al., 2003] as
well as higher precipitation in northern S. America
(Venezuela) [Haug et al., 2001]. On the other hand,
a southerly position of ITCZ coincides with ENSO
conditions in South Pacific, i.e., lower surface
productivity off Peru and above average rainfall
on normally arid continental parts of Ecuador and
Peru [Moy et al., 2002]. At greater than millennial
timescales, changes in mean latitudinal position of
ITCZ are known to be strongly influenced by the
seasonal distribution of solar insolation as gov-
erned by orbital forcing [Clement et al., 1999;
Haug et al., 2001; Wang et al., 2005]. As an
exaggerated seasonal southward migration of ITCZ
at the beginning of austral summer is known to be
an initiating event for modern El Niño [Philander,
1983], solar (irradiance) variability influencing
overall background ENSO state of the Peru margin
specifically through ITCZ position is anticipated.

[19] Satellite-based yearly total solar irradiance
(TSI) data have only been available for the last
two decades, but reconstructed TSI records dating
to 1610 C.E. were first made on the basis of
parameterization of sunspot darkening and facular
brightening [Lean et al., 1995]. Reconstructed TSI
was subsequently extended back to 843 C.E. on the
basis of a quantitative estimate of common varia-
tions in the production rates of 14C and 10Be
cosmogenic radionuclides [Bard et al., 2000]. Most
recently, dendrochronologically dated radiocarbon
content, was used to reconstruct sunspot number
(positively correlated with small variations in solar
irradiance) for the past �11,000 years [Solanki et
al., 2004]. The influence of past solar forcing on
global climate can thus be assessed by a direct
comparison of temporal variability in TSI/sunspot
numbers with contemporaneous, temporally well-

Geochemistry
Geophysics
Geosystems G3G3

agnihotri et al.: paleoceanography of the peru margin 10.1029/2007GC001744

10 of 15



resolved, paleoclimatic records. Well-dated and
temporally well-resolved paleoreconstructions
from ‘‘climatically sensitive’’ locations such as
the Peru margin are accordingly likely to provide
clues to the ‘‘physical link’’ connecting small solar
irradiance variability and Earth’s climate.

[20] Peru productivity and past sunspot number
(SN) (Figures 9a and 9b) show visual similarity

during the last �2300 years. Despite having dif-
ferent temporal resolutions and associated age
uncertainties in both time series, Peru productivity
based on X-radiograph gray scale for core W40
shows a poor, but still significant correlation (r =
0.41; p > 0.01) with SN (data not shown) espe-
cially when no chronological adjustment was
made in order to improve the positive correlation.

Figure 8. Spectral analysis of gray scale and Ti data using the multitaper method [Mann and Lees, 1996].
Ultrahigh-resolution gray scale and calibrated Ti data were first binned (block averaged) to 4 points and then splined
to yield to a temporal resolution �2.0 years. Significance lines indicate 90, 95, and 99% confidence limits.
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Similar observations have been made previously
for analogous low-latitude regions. For instance,
Indian summer monsoon intensity together with
surface productivity of northeastern Arabian
Sea was strongly correlated with decadal to cen-
tennial-scale variations in TSI during the last
millennium [Agnihotri et al., 2002; Gupta et al.,
2003; Agnihotri and Dutta, 2003].

[21] Modern data showing good correlations be-
tween southern oscillation index (SOI) and sea
surface temperature gradient across the Arabian
Sea (DSST) as well as the presence of solar cycles
in the SOI index have indicated plausible coupling
between intensity of Indian monsoon and ENSO,
through solar variability [Higginson et al., 2004].
Strong El Niño events coincide precisely with
minimum solar irradiance during the solar cycle
in the modern data [Higginson et al., 2004]. While

solar irradiance variability could be a triggering
mechanism on decadal to centennial-scale climate
change [Poore et al., 2004], its actual manifestation
in regional climate variables require amplifying
mechanism(s) due to the low absolute amplitude
in TSI variations. Various physical mechanisms
have been proposed to produce this amplification,
including alteration of the atmospheric circulation
pattern as a result of changes in solar ultraviolet
radiation during the solar cycle [Shindell et al.,
1999; Haigh, 2001]. The exact physical mecha-
nism involved in the observed coupling between
solar irradiance changes at the top of the atmo-
sphere and upwelling stimulated surface produc-
tivity in coastal waters off Peru (this study) and
northeastern Arabian Sea [Agnihotri et al., 2002] is
still not yet clear. However, sensitivity of the mean
latitudinal position of ITCZ to solar irradiance
changes may be one pathway [Agnihotri et al.,
2002; Agnihotri and Dutta, 2003; Higginson et al.,
2004]. Stratospheric modulation of upwelling in
the equatorial troposphere, which produces a north-
south seesaw of convective activity during seasonal
migration of ITCZ from northern to southern
hemisphere, may be a more acceptable pathway
[Kodera, 2004]. Coral records have also been used
to infer paleo-ENSO activity in the tropical Pacific
for the last millennium [Cobb et al., 2003]. A
direct comparison of inferred Peru margin produc-
tivity and Coral isotopic data for the contempora-
neous period is not attempted due to patchiness
involved in later record, however, our study
appears to be consistent with the major outcome
of the Cobb et al. [2003], i.e., most intense ENSO
activity occurred during mid-17th century, a period
of lowest solar activity (Little Ice Age) during the
last millennium. Similarly, we also note apparent
similarity between inferred temperature changes in
Huascarán ice core data [Thompson et al., 1995]
with sunspot activity on centennial timescales
during last two millennia, thus corroborating a
major outcome of our study, i.e., decadal- to
centennial-scale solar variability appears to be a
major underlying forcing mechanism governing
climate of the last two millennia.

[22] We have attempted to understand inferred Peru
margin productivity in light of solar intrinsic var-
iability (changes in solar irradiance or sunspot
activity) though it is also known that volcanic
eruptions forced abrupt climate changes in recent
millennia [Crowley, 2000; Shindell et al., 2003].
Where solar intrinsic variability (solar irradiance
changes) is likely to introduce quasiperiodic vari-
ability in the Earth’s climate, short-duration volca-

Figure 9. (a) Peru margin productivity shows sig-
nificant covariance with (b) reconstructed solar varia-
bility on decadal to centennial scale during the last
�2300 years.
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nic eruptions inject aerosols (mainly SO4
�) into the

atmosphere producing short-term and singular
events. Though best agreement with historical
and proxy data is obtained using both solar and
volcanic forcings, general circulation models
results [Shindell et al., 2003] suggest that, long-
term regional changes during the preindustrial
period appear to have been dominated by solar
forcing. Due to opposing dynamical and radiative
effects, the long-term (decadal-scale) regional re-
sponse to volcanic forcing is not significant as
compared to unforced variability for either season-
al or the annual average. In contrast, the long-term
regional response to solar variability greatly
exceeds unforced variability as the dynamical and
radiative effects reinforce each other and produces
climate anomalies similar to the Little Ice age.

6. Conclusions and Implications

[23] On the basis of a multiproxy data of sedimen-
tary record from the Peru margin, we reconstruct
subdecadally resolved paleoceanographic history
of the Peru margin for the last �2300 years. During
this period, surface productivity is found to be
intimately coupled with subsurface denitrification
intensity as measured by sediment d15N demon-
strating the validity of our interpretive framework.
Peru margin productivity, known to be extremely
sensitive to modern ENSO phenomena, shows
strong decadal- to centennial-scale variability dur-
ing the last two millennia which may have a
significant forcing component from solar variabil-
ity as observed in other contemporaneous studies
[Yu and Ito, 1999; Hu et al., 2003; Weber et al.,
2004; Mangini et al., 2005]. These events likely
correspond to large-scale restructuring of tropical
Pacific hydrography and circulation as observed at
decadal scale in the modern period but amplified at
the centennial scale. Periods of high productivity
and more intense denitrification were interspersed
by periods of reduced productivity and denitrifica-
tion. High productivity observed during the recent
instrumental period may thus not persistently char-
acterize the Peru margin into the near future.
Additional well-dated ultrahigh-resolution paleore-
constructions from climatically sensitive marine
regions such as the Peru margin are recommended
for better understanding of the underlying forcing
mechanism(s) governing climate of the recent past.
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