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Abstract 

Sedimentological studies including X-ray digital analyses, mineralogy, inorganic contents, 
and organic geochemistry on cores of laminated sediments accumulated in the oxygen 
minimum zone of the central Peruvian margin reveal variable oceanographic and climate 
conditions during the last 500 yr. Coherent upcore variations in sedimentological and 
geochemical markers in box cores taken off Pisco (B0405-6) and Callao (B0405-13) indicate 
that variability in the climate proxies examined has regional significance. Most noteworthy is 
a large shift in proxies at ~1820 AD, as determined by 210Pb and 14C radiometric dating. This 
shift is characterized by an increase in total organic carbon (TOC) in parallel with an abrupt 
increase in the enrichment factor for molybdenum Mo indicating a regional intensification of 
redox conditions, at least at the sediment water interface. In addition there was lower 
terrestrial input of quartz, feldspar and clays to the margin. Based on these results, we 
interpret that during several centuries prior to 1820, which corresponds to the little ice age 
(LIA), the northern Humboldt current region was less productive and experienced higher 
terrestrial input related to more humid conditions on the continent. These conditions were 
probably caused by a southward displacement of the inter-tropical convergence zone and the 
subtropical high pressure cell during the LIA. Since 1870, increases in TOC and terrigenous 
mineral fluxes suggest an increase of wind-driven upwelling and higher productivity. These 



conditions continued to intensify during the late 20th century, as shown by instrumental 
records of wind forcing. 
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1. Introduction 

The nearshore 200 km of Humboldt current system is strongly influenced by coastal 
upwelling and is one of the most productive marine ecosystems in the world (Pennington et 
al., 2006; Zuta and Guillén, 1970). Due to its large latitudinal extension, the upwelling varies 
in intensity and persistency during the year (Thomas et al., 1994). Off the Peruvian coast, 
near-continuous upwelling supports high rates of primary production and one of the world’s 
largest fisheries. On the interannual time scale, oceanic circulation and upwelling is 
modulated by the El Niño-Southern Oscillation (ENSO) cycle, manifested as changes in near 
surface biological production (Arntz and Fahrbach, 1996) subsurface oxygenation, and 
terrestrial runoff to the nearshore ocean. Variability on decadal time-scales is observed in 
instrumental records (Chavez et al., 2003), but understanding the nature of longer-term 
change is hindered by the absence of long high-resolution records. 

Paleoceanographic and paleoclimatic changes can be reconstructed from sedimentological 
variables, depending on preservation conditions during sedimentation and afterwards. Such 
variables are used as paleoenvironmental ‘proxies’, or indicators of past climate and ocean 
conditions. Preservation of paleoceanographic records is enhanced along portions of the 
Peruvian margin by occurrence of a strong subsurface oxygen minimum zone (OMZ; Helly 
and Levin, 2004) which inhibits biological ‘reworking’ of sediments. This OMZ extends from 
the southeast to the equatorial Pacific, and its formation and maintenance is supported by 
basin-scale circulation processes (Lukas, 1986) and high Humboldt current system (HCS) 
surface productivity and organic carbon fluxes from the surface into the OMZ, which amplify 
oxygen consumption in subsurface waters of the Peruvian coastal upwelling (PCU) system. 

Paleoceanography of the continental shelves off South America has received little attention 
and climate over the last 1000 yr remains little studied (see [McCaffrey et al., 1990], [Rein et 
al., 2005] and [Gutiérrez et al., 2006]). Changes in temperature, salinity, and 
paleoproductivity have been examined however at glacial and interglacial time-scales ([Suess 
et al., 1990], [Fink et al., 2006] and [Rein, 2007]). Several sedimentary accumulation zones 
along the central Peruvian continental margin have favorable conditions to preserve past 
environmental events with high temporal resolution: bottom-water dysoxia, high 
sedimentation rates, and stable topographical settings ([Suess et al., 1990], [Reinhardt et al., 
2002] and [Gutiérrez et al., 2006]). Gutiérrez et al. (2006) constructed detailed 
paleoceanographic records of the past several centuries from laminated sediments from the 
central Peruvian margin. The combination of high productivity and near-anoxic conditions 
over the Peruvian margin results in the preservation of annual to decade-scale variations in 
climate and upwelling in organic and inorganic geochemical proxies ([Krissek and 
Scheidegger, 1983], [Suess et al., 1990], [Böning et al., 2004] and [McManus et al., 2006]). 

Here we use mineral content and organic and inorganic markers in sediment cores to examine, 
at different time-scales, past changes in productivity, sediment redox conditions and 
terrigenous input (Table 1). We use total organic carbon (TOC) to infer productivity, and an 
oxygen index (OI) to infer degree of aerobic oxidation of TOC. Redox-sensitive metals (e.g. 



molybdenum) can be used to indicate redox conditions in the sedimentary environment at the 
time of deposition. This particular behavior has permitted reconstruction of past bottom-water 
oxygenation based on molybdenum (Mo) concentration profiles in sediment cores ([McManus 
et al., 2006], [Tribovillard et al., 2006] and [Tribovillard et al., 2008]). Finally, the 
mineralogical composition of sediment cores can provide information on past conditions by 
recording terrigenous input as related to erosion, aeolian transport, runoff, and deposition onto 
continental shelf ([Vargas et al., 2004] and [Rein, 2007]). 

2. Oceanographic setting 

Coastal upwelling occurs along the eastern margins of major oceanic basins when 
predominantly along-shore winds and Coriolis force drive surface waters offshore and these 
are replaced by deeper, cooler and nutrient-rich waters. The enhanced biological productivity 
supported by upwelling increases the flux of organic material to the coastal ocean floor. This 
flux intensifies the OMZ and results a high rate of TOC deposition on the continental shelves, 
both of which limit organic matter degradation and favor preservation. As a consequence the 
organic carbon content of sediments beneath upwelling systems may reach 10% ([Libes, 
1992] and [Hedges and Keil, 1995]), whereas organic carbon in sediments beneath 
oligotrophic oceans typically varies from 0.2% to 0.4% ([Muller and Suess, 1979] and [Duan, 
2000]). 

Upwelling-favorable along-shore winds are present along the Peruvian coast all year long and 
maximal between 14°S and 16°S, weakening in the north, near Punta Falsa (6°S; Echevin et 
al., 2004). Wind strength however varies and ‘upwelling events’ last from a few days to a 
week and are stronger and more frequent in winter due to offshore winds associated with a 
strengthened subtropical high pressure cell. The wind-driven surface circulation consists in a 
shallow, equatorward, coastal jet (Strub et al., 1998), with maximum intensity in winter, 
known as the Peruvian coastal current. This current can be identified by the shoaling of 
isopycnals in the nearshore surface layers. Offshore, the circulation is dominated by poleward 
flows, identified as the Peru–Chile counter current which advects warm and saline waters 
from tropical origin (Lukas, 1986). Below the surface coastal current, the subsurface, 
coastally trapped, Peru–Chile undercurrent advects saline (35.0–35.1 PSU) tropical waters 
poleward. Its signature is characterized by the deepening of isopycnals towards the coast at 
50–200 m depth (Echevin et al., 2004). 

Off the central Peruvian coast (9–15°S), the upper margin sediments are organic-rich. Excess 
210Pb-derived sedimentation rates vary from 0.04 to 0.15 cm yr−1 ([Reimers and Suess, 1983] 
and [Levin et al., 2003]). Based on exploratory surveys and literature, the Callao (~12°S) and 
Pisco (~14°S) areas were selected as sample sites. Two Soutar-box cores were collected in 
May 2004 by the R/V Olaya (Instituto del Mar del Peru, IMARPE): The first one from the 
continental shelf off Callao (B0405-13, 12°00′S, 72°42′S, 184 m water-depth); and the second 
one from the upper continental slope off Pisco (B0405-06, 14°07′S, 76°30′S, 299 m water-
depth; Gutiérrez et al., 2006; Fig. 1). 

3. Analytical procedures 

Sedimentary structures were documented by X-radiography (SCOPIX, Migeon et al., 1999). 
Chronological models for the last 130 yr were developed by using the downcore distributions 
of natural excess 210Pb and 230Th and of the bomb-derived 241Am. The chronology beyond the 



last 130 yr was inferred from radiocarbon ages, calibrated with local reservoir effects by 
Gutiérrez et al. (2008). 

Mineralogical composition was obtained by X-ray diffraction (XRD) and by Fourier 
transformed infrared spectrometry (FTIR) respectively. For FTIR analyses, samples were 
placed in a KBr disc, which ensures that Lambert–Beer’s law is valid. A quantitative 
determination of the mineral content from various blends was performed by making a multi-
component analysis of the experimental spectrum using the spectra of each component in the 
mixture (Bertaux et al., 1998). Mean relative standard deviation was 0.8% for the mineral 
quantification. 

Organic matter characterization and quantification were done using Rock-Eval 6 programmed 
pyrolysis (Lafargue et al., 1998). Total organic carbon (TOC %) reflects the quantity of 
organic matter (OM) present in the sediment. Normalized to TOC the hydrogen index is the 
amount of hydrocarbon (HC) released during pyrolysis (HI, mg HC/g TOC), and the oxygen 
index similarly gives the oxygen content calculated from the amounts of CO and CO2 released 
during pyrolysis (OI, OIRe6, mg O2/g TOC). 

Molybdenum (Mo) and Aluminium (Al) concentrations were analysed by ICP-MS (Ultramass 
Varian) and ICP-AES, respectively, after hot-plate acid digestion (combination of acids: HF, 
HN03, HClO4) which eliminated organic matter and removed silicates ([Zwolsman and Van 
Eck, 1999] and [Cho et al., 1999]). Measurement precision for Al and Mo was determined by 
comparing duplicate analyses (usually ±0.04% and ±0.03% respectively). 

Mo is a trace metal used to asses past redox conditions ([Tribovillard et al., 2006], 
[Tribovillard et al., 2008] and [McManus et al., 2006]). As a redox-sensitive metal, Mo is 
commonly removed from the ocean and transferred to the sediments via different pathways 
([McManus et al., 2006], [Poulson et al., 2006], [Tribovillard et al., 2006] and [Tribovillard et 
al., 2008]). In oxic sediments, where aerobic respiration decomposes organics, Mo is 
scavenged from the water column with an association of metal oxides. Under reducing 
conditions however, where anaerobic processes dominate, Mo is removed from the water 
column with sulfidized organic material or via sequestration by Fe–S phases. Sediments 
contain variable amounts of biogenic materials that dilute the trace-elements, most commonly 
calcium carbonate and opal. Thus, to compare trace-element proportions in samples that 
contain varying carbonate and opal contents, it is customary to normalize trace-element (here 
Mo) concentrations to Al content (Tribovillard et al., 2006). Al is a constituent of the 
aluminosilicate fraction of the sediments and is essentially inert during diagenesis. Moreover, 
according to Valdés et al. (2005), Al normalization enables regional comparison and the 
evaluation of terrestrial input of trace metals. The method is also applied to determine 
Enrichment Factors (EFs) according the equation described by Tribovillard et al. (2006): 
EF = (Mo/Al)sample/(Mo/Al)average shale). We used values for average shales from different 
sources ([Turekian and Wedepohl, 1961] and [McManus et al., 2006]). If Mo EF is greater 
than 1, then Mo is enriched relative to average shales and, if Mo EF is less than 1, it is 
depleted. 

The particulate fluxes for each sediment constituent (TOC, quartz, feldspar and clays) are 
calculated by multiplying the concentration of each constituent by the overall sediment 
accumulation rate. In general terms, this relation can be expressed as: sediment flux 
(mg cm−2 yr−1) = element concentration (mg g−1) × sediment accumulation rate (g cm−2 yr−1). 



The flux estimation for each element has the advantage of providing information on the inputs 
of the different constituents independently of their relative dilution in the matrix. 

Thin sections were constructed from resin-impregnated 10 cm longitudinal segments of the 
Callao core (B0405-13). Water was replaced by acetone prior to impregnation with resin 
following Bénard (1996) and Zaragosi et al. (2006). After impregnation with resin, the 
bonded blocks were cut to approximately 100 μm using a precision saw (ESCIL LT-260) and 
thereafter hand polished to a thickness of 30 μm using the rotating lapidary unit. Finally, 
cover slips were fixed on the thin sections using the collage resin mixture. The structure of the 
laminations was analysed using a polarised light microscope, with a magnification of 20. 

In order to estimate the shared variability of the environmental proxies and their relationships 
with one another, we applied a principal component analysis (PCA). 

4. Results 

4.1. Lithology and chronology 

The observation of the core X-ray images reveals the existence of bands and laminations 
(<5 mm thickness), formed by the succession of light (dense) and dark (less dense) layers, 
which appear to have been deposited with negligible bioturbation under nearly anoxic 
conditions (Fig. 1). Three stratigraphic units are observed in the Pisco Core. The basal unit 
(unit I) (74–62 cm) is formed by the succession of several primarily banded sediments. The 
unit II, which starts at 62 cm and extends to 34 cm, presents a slump at the base (55–52 cm). 
This unit, which is characterized by an overall greater density (lightly colored in the X-
radiograph; Fig. 1), contains pairs or ‘couplets’ of dark and light laminae that range from 2 to 
5 mm in thickness. The upper unit (unit III) (34–0 cm), with average lower density (darker in 
Fig. 1), is marked by a series of thick light and dark band (ca. 1 cm). In the Callao core, the 
X-ray image also reveals three units that are similar to those of the Pisco core in density and 
depth. Unit I (84–66 cm) also contains band structures. Unit II (66–34 cm) is denser (lighter 
color), as in the Pisco core, but is formed by thick bands (~1 cm) rather than fine laminations 
as observed in the Pisco core and is interrupted by several slumps in the middle part of the 
unit. Unit III (34–0 cm) is marked by a low density and is formed by the succession of both 
millimeter-thick laminae and broader bands. 

Average sedimentation rates are ~2.2 mm yr−1 for the Pisco core and ~2.1 mm yr−1 for the 
Callao core for the lapse 1870 AD to present. The centuries prior to the late 19th century have 
average sedimentation rates of 1 and 0.6 mm yr−1, respectively (Gutiérrez et al., 2008). At 
these rates the banding patterns in Fig. 1 do not resolve interannual or even decadal-scale 
variability (and can be affected by water content and compaction from burial; Gutiérrez et al., 
2008). The results are presented as concentrations (%) and fluxes of sediment constituents. 

4.2. Mineral fraction 

X-ray diffraction (XRD) shows that the terrigenous mineral fraction of both cores is quartz, 
feldspar, kaolinite, illite and vermiculite. The upcore variations in these fractions are similar 
in both cores (Fig. 2) and identify three sections which correspond to the units identified 
through the XRD lithological description of Fig. 1. 



Unit I (prior to 1400 AD) is characterized by low quartz, feldspar and clays content 
(respective mean abundances of 6%, 10% and 10%). Unit II (~1400–1820 AD) begins with an 
increase of quartz (5–15%), feldspar (10–20%) and clays (10–28%). Concentrations remain 
relatively stable until the top of the unit. Unit III (1820–2004 AD) starts with a decrease in 
concentrations of quartz, feldspar and clays that reach minimum values and then increase to 
the top of this unit reaching values around 10%, 15% and 20%, respectively. 

In both cores the variations in upcore fluxes (Fig. 3) are similar to the variations in percent 
composition (Fig. 2), and again correspond to the three different stratigraphic units. Before 
1400 AD fluxes of quartz, feldspar and clays were low around 2, 2 and 4 mg cm−2 yr−1, 
respectively. Between 1400 and 1820 AD fluxes of quartz, feldspar and clays were high 
around 4, 3 and 6 mg cm−2 yr−1, respectively. Over 1820–1870, fluxes of quartz (4–
0.5 mg cm−2 yr−1), feldspar (3–1 mg cm−2 yr−1) and clays (6–1 mg cm−2 yr−1) decreased 
abruptly. Finally over 1870–2004 AD, fluxes of quartz, feldspar and clays steadily increased, 
beginning around 1870 AD and intensifying around 1950 AD with values around 6, 7 and 
8 mg cm−2 yr−1, respectively, in the superficial sediments. 

4.3. Inorganic fraction 

Upcore variations in Al are similar to the variability in clays described above (Fig. 2). Al 
values are somewhat low (3%) during the first unit and then increase, reaching 5% in unit II. 
In unit III, Al initially decreases to ~ 1% around 1870 (1%), and then steadily increases to 6% 
towards the top of unit III. 

Variations in Mo (mg kg−1) are similar to the minerals above only into unit III (Fig. 2). Mo 
fluctuates around 75 (mg kg−1) before 1400 AD (Unit I) and later decreases and stabilizes 
around 25 mg kg−1 through unit II. In the unit III (1820–2004 AD), Mo increases steadily to 
75 mg kg−1. 

The Mo enrichment factor in both cores is >1 suggesting a non-terrigenous origin for this 
metal. The upcore variation in EF for Mo is similar to the variability in mineral fractions only 
for unit III (Fig. 3). In unit I Mo EF is around 120; and in unit II, it decreases to ~ 50. Mo EF 
increases in both cores in unit III, although Callao has a much higher maximum EF than the 
Pisco core (500 vs. 300). In general, Mo EF values are moderate in the Callao core from 1870 
to 2004 AD and in the Pisco core from 1820 to 2004 AD. 

4.4. Organic fraction 

Upcore variations in TOC correspond to the sedimentological and mineralogical records into 
Unit III of both cores (Fig. 2). TOCs are near 5% in units I and II of both cores and the OI 
varies between 120 and 80 for the Pisco and Callao cores, respectively. There is a large 
increase in TOC within unit III, with higher values in the Callao core (16%) than in the Pisco 
core (12%). This trend in TOC is accompanied by a progressive decrease in OI towards the 
core tops, reaching values around 80 in the Pisco core and 70 in the Callao core. TOC fluxes 
exhibit low values in unit I in both cores (~ 1.2 mg cm−2 yr−1). A transient increase in TOC 
flux occurs around 1820 AD, associated with decreases in quartz and other minerals fluxes. A 
positive trend in TOC flux starts at  ~1870 AD, reaching ~ 4 and ~ 6 mg cm−2 yr−1, at Pisco 
and Callao, respectively, in the 2000s. 



4.5. Principal component analysis 

A principal component analysis was run on the upcore constituents from each core. 
Concentrations were used rather than fluxes since uncertainties in chronology can affect 
estimated flux rates. In particular, if the change in sedimentation rates reported at 1870 is 
associated with changes in TOC, then the period 1820–1850 AD may have much higher 
sedimentation rates and consequently, higher fluxes of TOC and other constituents than 
calculated. At each site, more that 85% of variance is explained by two principal components 
(Fig. 4). Here, we present only the first component (PC1), which is a negative correlation 
between the terrigenous fraction (quartz, feldspar, clays and aluminum) and TOC and 
Molybdenum (Fig. 4). 

5. Discussion 

The parallel upcore variations of PC1 (Fig. 5) in the Pisco and Callao sites indicate that the 
environmental proxies exhibit the same pattern in both cores and thus have at least regional 
significance. The shift at ~ 1820 AD in both the stratigraphic observations and 
sedimentological constituents is much stronger than the change at the base of the cores 
(division between units I and II), which is not apparent in all proxies. A large climatic change 
apparently occurred at  ~1820 AD, which was of greater magnitude than other climate 
fluctuations throughout the last several centuries. Nevertheless, noteworthy sedimentological 
fluctuations occur within unit III. 

5.1. Little ice age period 

High mineral fluxes characterize the 1400–1820 AD period which corresponds to the little ice 
age (LIA), or rather its South-American counterpart. Examination of thin sections from the 
Callao core prior to 1820 AD shows that most terrigenous particles (quartz and feldspar; 50–
80 μm) present angular to sub-angular aspects, suggesting a fluvial source (Fig. 1) rather than 
aeolian transport. Similarly, Pisco core particle morphology prior to 1820 suggests river 
discharge. The similar patterns of flux at both sites are interpreted as resulting from 
substantial terrestrial input followed by dispersion and transport by the coastal circulation in 
unit II. 

The negative values of PC1 (Fig. 5) during the little ice age (Unit II) reflect both the high 
mineral content and low Mo content (Fig. 3). Sediments rich in Mo characterize the upper 
Peruvian margin (<300 m) with high sulphate reduction rates (Böning et al., 2004) under 
anoxic conditions (see [Valdés et al., 2005], [McManus et al., 2006], [Tribovillard et al., 
2006] and [Tribovillard et al., 2008]). Low Mo content during the LIA is probably due to 
reduced organic loading and suboxic conditions in the surficial sediments. 

The LIA period thus appears marked by a low productivity, suboxic sediments and higher 
terrestrial input of minerals related to rainfall and runoff from the continent. In the Cariaco 
basin (Venezuela) ([Haug et al., 2001] and [Peterson and Haug, 2006]), drier conditions are 
suggested for the LIA by decreased Ti content in cores linked to decreased detritus from local 
rivers. Hence, our results are consistent with a global southward migration of the inter-tropical 
convergence zone (ITCZ), as postulated also by Graham et al. (2007) and Newton et al. 
(2006). 



At seasonal and interannual time-scales, an ITCZ southward shift is associated with the 
southward projection of surface nutrient poor Equatorial and Tropical water masses. An 
additional consequence of a southward shift in the ITCZ would be a reduced strength of the 
subtropical high pressure system that produces upwelling favorable winds. In turn these 
modifications may cause reductions in coastal upwelling, primary production, and flux of 
organic material to the continental slope, as observed in the Callao and Pisco cores (Gutiérrez 
et al., 2008). Note that the variability of efficiency factor (EF) for Mo is inversely related with 
terrestrial fluxes, suggesting sediment redox conditions changes, which are associated to the 
organic matter flux changes. This regional response is likely a result of the establishment of 
new ocean–atmosphere connections that control the position of the ITCZ. 

5.2. The modern period 

The simultaneous decrease of terrigenous fluxes after 1820 in both cores probably marks a 
change from rainy to drier conditions. The increase of Mo enrichment factor, in the same 
period, suggests an enhancement of sediment redox conditions linked to the establishment of 
a new ocean–atmosphere connection pattern. A transient decrease of TOC flux and an 
increase of OI are recorded during the lapse 1845–1865 AD. After these two decades, carbon 
flux exhibits a positive trend while OI decreases, thus suggesting less oxidation of the settling 
organic matter. This trend coincides with an increase of the dominance of anoxia-tolerant taxa 
in the benthic foraminiferal assemblage at Pisco, as reported by Morales et al. (2006). 
Increases in TOC flux are also recorded during the same period in sediments from the 
continental slope 15°S (McCaffrey et al., 1990) and from Mejillones Bay at 23°S ([Valdés et 
al., 2004], [Vargas et al., 2004] and [Vargas et al., 2007]). These results indicate a regional 
centennial enhancement of productivity and organic particles export to the sediment. An 
intensification of this trend is observed since mid-twentieth century, which is likely caused by 
enhanced upwelling, as recorded instrumentally during the same period (Jahncke et al., 2004; 
Fig. 6). 

6. Conclusion 

Laminated sediments from the central Peru continental slope, accumulated under intense 
upwelling, dysoxia and high sedimentation rates, preserve and record different oceanographic 
and climatic changes during the last 500 yr. The measurement of different organic, mineral 
and inorganic variables in cores provides environmental proxies linked to (1) upwelling and 
productivity, (2) strength of the sediment redox conditions, and (3) terrigenous input to 
sediments. Changes in the terrigenous input likely correspond to changes in continental 
rainfall, which affects mineral-laden runoff that is subsequently deposited offshore. A 
comparison with Cariaco Basin core records of regional precipitation and runoff supports our 
interpretation that during the little ice age before 1820, the inter-tropical convergence zone 
(ITCZ) likely occupied a more southerly position and that more humid conditions prevailed in 
Peru. A more southerly ITCZ would also correspond to a reduced subtropical high pressure 
system with weaker along-shore winds, and lower primary productivity. Conversely, since the 
late nineteenth century, increasing TOC fluxes and sediment anoxia are interpreted as caused 
by the intensification of coastal upwelling, productivity and organic particles delivery to the 
bottom. 
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Figures 
 

 
 
Fig. 1. Location and X-ray images of Pisco core (B0405-06, 14°07.90 S, 76°30.10W, 299 m 
depth) and Callao Core (B0405-13, 12°00′S, 72°42′S, 184 m depth) off the central-south 
Peruvian coast. Slumps are considered as instantaneous deposits, and are not considered in 
chronological development of downcore analyses. Light laminae are “dense”, dark laminae 
are “less dense”. The photograph shows the thin section of Callao core observed in polarized 
light. Q: quartz. F: feldspar, OCM: organic clay matrix. 
 



 
 
Fig. 2. Upcore variations of TOC content (%), IO (mg O2/g TOC), mineral (quartz, feldspar) 
content, clays content, aluminium (%) and molybdenum content of Callao (black dots) and 
Pisco (open circles). 
 

 
 
Fig. 3. Upcore variations of TOC fluxes, OI, mineral (quartz, feldspar, clays) fluxes, and EF 
for Mo of Callao (black dots) and Pisco (open circles). 
 



 
 
Fig. 4. Projection of the proxy variables on the factor-plane PC1 (quartz, feldspar and clays 
vs. TOC and Mo) in Callao (black dots) and Pisco (open circles) cores. 
 

 
 



Fig. 5. Upcore variations of PC1, sum of the different terrigenous fractions, TOC and Mo 
content. 
 

 
 
Fig. 6. Comparison between (a) PC1 upcore variation of Callao (black line) and Pisco (grey 
line), (SRC: sediment redox conditions; DI: detrital input. (b) Ti content of sediments from 
ODP Hole 1002C (record from Peterson and Haug, 2006), (c) TOC upcore variation of Callao 
(black line) and Pisco (grey line), (d) instrumental wind stress data from 1925 to 1995 
(Jahncke et al., 2004). 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 
 
Table 1. : Geochemical and mineralogical measurements and their significance in 
paleoenvironmental reconstructions. 
 
Proxies Environmental significance 

Mineral fraction (quartz, feldspar, clays) Detrital input 

Total organic carbon (TOC) Productivity 

Molybdenum (Mo) Sediments redox conditions 

Oxygen index (OI) Degradation (aerobic oxidation)

 


