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Introduction 
 

Geologists generally accept that El Niño-Southern Oscillation (ENSO) and the 

North Atlantic Oscillation (NAO) were active as early as the Eocene (Huber and 

Caballero, 2003).  It is natural, however, to question whether they affected the 

environment during periods when the climate was different from today’s.  Reliable 

records of yearly variations in weather from these times are rare because it is difficult to 

judge such events so remote in time with sufficient accuracy.  Several studies by 

Anderson (1960; 1978; 1982; 1986; Dean and Anderson, 1973) suggest, however, that 

cyclostratigraphic analysis of laminated evaporites and anhydrites can reveal information 

about the annual and decadal climate variations influencing sedimentation.   

A recent study by Bull et al. (2000) used methods similar to Anderson’s to detect 

ENSO length cycles in Pleistocene coastal marine sediments, as did Huber and Caballero 

(2003) in Eocene lake sediments.  This study conducts similar cyclostratigraphic analysis 

on a sequence of Messinian laminated evaporites in an attempt to detect the presence of 

ENSO or NAO-length cycles influencing deposition. 

 

Field Area 

The Gesosso Solfifera is a member of the Umbria-Marche stratigraphic sequence 

consisting of gypsum, clay, marl, and black shale.  It dates from the Miocene, an epoch in 

which the climate was generally warmer than today’s (Andersen et al., 2001).  During 

this epoch, specifically 5.96 (+/- 0.02) million years ago, the Straits of Gibraltar closed. 

This, coupled with long-term orbital forcing, led to the evaporation of all or nearly all of 
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the Mediterranean Sea (Krijgsman et al., 1999), and it was during this Messinian Salinity 

Crisis that the evaporites of the Gesosso Solfifera formed (Vai, 1997). 

A single outcrop was studied for this project.  It forms part of a cliff several miles 

south of Ancona on the west coast of Italy at the town of Portonovo (Fig. 1).  A 12.75 m 

thick sequence consisting of fourteen beds, which alternate between gypsum and black 

shale, is folded into an anticline.  The fold axis of this anticline lies at a right angle to the 

cliff face.  Near the base of the cliff, where the overhang provides some protection, the 

gypsum beds (less erodable than the black shale) protrude outward.  Samples were taken 

from surfaces perpendicular to bedding (Fig. 2).   The majority of the evaporite beds 

contain coarse crystals of gypsum – the result of recrystallization – and only a few 

remnant laminations.  The laminations that still exist alternate between light red or brown 

layers of gypsum and dark layers of organic material (Fig. 3).    

  

Background 

Laminations as Varves 

Anderson (1986) describes two different domains that give rise to cyclic bedding: 

trigger-dominated systems and buffer-dominated systems.  The former are sensitive to the 

chemical equilibria of their environment, with changes in these equilibria resulting in the 

precipitation of different types of lamina.  Because of this sensitivity to chemical change, 

laminations in trigger-dominated systems tend to reflect the shorter-term cycles in their 

environment.  Buffer-dominated systems, by comparison, are protected against short-term 

forcing by a physical buffer; this buffer operates until a threshold is reached and the 

friction or cohesion that causes the buffer is overcome.  Because of the time that is 



Figure 1.  Map of the Marche region, Italy, with location of Gessoso-Solfifera outcrop 
in red. 
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usually required to overcome the buffers, these systems are more likely to record the 

longer-term cycles that influence deposition.   

  The gypsum laminations of the Gesosso Solfifera were deposited in a brine-

saturated pool of sea-water – a trigger-dominated system – and therefore are probably 

influenced by short-term cycles in their environment.  In the short term, marine 

sedimentation is usually dominated by annual events such as seasonal storms and/or 

upwelling, so each pair of one light/one dark lamination is likely to represent one year – 

i.e., these laminations are varves (Anderson, 1986). 

Despite the tentative evidence for the annual nature of these layers, Anderson 

(1960) suggests that laminations should not be considered varves until analysis 

demonstrates that their thicknesses vary in cycles of roughly 11 and 22 years – cycles that 

correspond to the sunspot and solar magnetic field cycles (Dean, 2000). 

 

Fast Fourier Transforms and Spectral Analysis 

 A Fourier transform is a process invented by the French physicist Joseph Fourier.  

It is used to identify the series of harmonic functions that sum to the curve created by a 

set of data.  In this case, “harmonic functions” refers to sinusoidal waves.  A curve that 

seems to lack cyclicity when viewed by the human eye is, in fact, the sum of a number of 

sinusoidal waves.  A Fast Fourier Transform (FFT; a computer algorithm that performs 

high-speed Fourier transforms) isolates these waves, determining their periods or 

frequencies as well as their spectral power (their relative influence on the data set: a 

function of their amplitude) (Fig. 4).  
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            This study also uses band-pass filters and sliding window analyses.  Band-pass 

filters eliminate noise resulting from the pixilation of the images – smoothing the initial 

curve created by the data by eliminating peaks shorter or longer in length than those of a 

specified range (Fig. 5).  Sliding window analyses consider a series of sequential graphs 

to determine how strongly particular cycles influence the data over time.  A window 

length must be selected and any cycles longer than that length are disregarded (Tape et 

al., 2003). 

 

Methods 

Field Methods 

 A log was taken of the stratigraphic column from which the samples were 

removed.  The stratigraphically lowest (oldest) bed of gypsum was labeled A and the 

stratigraphically highest (youngest) bed of gypsum was labeled G.  Six samples were 

taken from parts of the C, D, and E sections that displayed clear, flat laminations 

orthogonal to bedding and relatively undisturbed by recrystallization.   

Samples were removed from the beds using a small electric handsaw, chisel, and rock 

hammer.  Each sample consisted of a column of rock roughly 4 cm wide; the longer side 

was perpendicular to the laminations (Fig. 6).  Each series of laminations was sampled 

twice: in the E section the samples were taken immediately adjacent to each other, in the 

D section they were separated by about 2 m, and samples taken from the C section were 

from opposite limbs of the anticline with roughly 100 m between them (Fig. 7).  These 

samples were labeled E1 and E2, D1 and D2, etc.  The total length of these samples is 

63.6 cm.  As they broke into pieces upon removal, each piece was labeled, 1 for 
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the highest, 2 for the one immediately below, etc.  If any laminations were lost between 

two pieces of rock, a number was skipped (e.g. E1.3 followed by E1.5). 

 

Lab Methods 

The laboratory methods used in this study closely resemble the high-precision 

digital-imaging techniques of Schaaf and Thurow in their study of ENSO length cycles in 

Holocene sediments from the Santa Barbara basin (1997).  Each sample was polished and 

cut into a thin section.  As they were not being used for mineral identification but to 

allow light to pass through the sample (highlighting the light and dark pairs), thicknesses 

varied.  These thin sections then were scanned into the program Adobe Photoshop 7.0 as 

1500 dpi grayscale images.  In cases where the variations between light and dark 

laminations were not clear, contrast was adjusted accordingly by using the contrast 

scrollbar (found under “Brightness/Contrast,” under “Adjustments” on the “Image” 

menu).  The images also were rotated and cropped to ensure that laminations ran 

perpendicular to the length of the image.   To discover whether or not these laminations 

were uniform across the entire basin, the images from different sections were compared 

visually. 

The Photoshop images then were converted to TIFF files and imported into NIH 

Image 1.63, a public domain image-processing program for Macintosh developed by the 

Research Services Branch (RSB) of the National Institutes of Health (NIH) (Rasband, 

2002).  After selecting the entire image, the program generated a plot profile.  By 

assigning each type of pixel a number ranging between 0 (white) and 200 (black), NIH 

Image generated a graph of values for each row of pixels in the image, with black 
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laminations appearing as rows with values close to 200 and white laminations appearing 

as rows with values close to 0 (Fig. 8). 

 These plot profiles were imported into MATLAB 7.0.1, where a program written 

specifically for this project (Appendix 1) processed the data.  Before performing spectral 

analysis, the plot profile was band-pass filtered to remove high-frequency noise resulting 

from pixilation of the image.  The upper limit fixed in these band-pass filters was 

effectively non-existent (50,000 pixels – far greater than the length of any peak resulting 

from the data), while the shorter limit varied depending on the brightness and contrast of 

the image.  The exact lower value was determined by applying different band-pass filters 

and comparing the smoothed curve with the original image to ensure that the filtered data 

were an accurate representation of the laminations.  If the smoothed curve of the plot 

profile and the Photoshop image appeared identical, the average width of the peaks in the 

curve was calculated (the number of peaks divided by the length of the sections 

represented).  If the value was near 0.5 mm (the average thickness of the laminations) 

that band-pass filter value was assumed to return accurate data.  Eliminating the small 

peaks resulting from miniscule pixel variation resulted in more realistic representations of 

the laminations than did the curves plotted from unfiltered data.  

The program then measured the distance between each peak in the plot profile in 

rows of pixels (Fig. 9).  Considering these values as points on a sinusoidal wave, where 

the x-axis was varve number and the y-axis was thickness, a FFT was used to isolate the 

sine and cosine functions that, when combined, defined the wave.  The frequencies thus 

derived (referring to the x-axis) represented the number of laminations in each cycle.  

Representative graphs from a continuous section of laminations then were combined in a  
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Fig 8
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Fig 9
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sliding window analysis (with a window of 50 years) to determine the relative influence 

of different frequencies over time.   

The thicknesses of the lamination pairs in the E section samples were measured 

by hand, and in MATLAB a FFT isolated the cycles in these data.  Distortion of the 

image caused by pixilation was too slight to be detected visually, so no band-pass filter 

was needed.  This more traditional method, used in all of Anderson’s studies (1960; 

1973; 1978; 1982; 1986), generated results similar to those of the computerized method 

in terms of lamination thicknesses and frequencies, suggesting that the computerized 

method can be relied upon to generate accurate results.   

 

Results 

The continuity of the laminations is confirmed by the ease with which they can be 

traced between similar sections (Fig 10).  Some of the laminations contained in the 

samples that are separated by larger distances, however, vary in thickness and 

arrangement.  

The lower limit of the band-pass filters ranged from 3 to 20, with an average 

band-pass length of 11.1.  These values varied because of the differing thicknesses of the 

original thin sections and the contrast levels of the digital images, both factors that 

directly influenced the numerical values generated in the plot profile. 

The FFTs from the digital imaging techniques isolated a number of peaks, with 

frequencies of 2-5, 7, 9-13, and 19-23 pairs of laminations appearing in the great majority 

of the graphs (Appendix 2).  Longer sequences also tended to include cycles around 32-

35 pairs.  The spectral powers of the frequencies varied between graphs, and the graphs  
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Fig 10
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of the band-pass filtered data suggest that the data set is affected by noise.  The sliding 

window analysis showed that the influence of the cycles in the ENSO range varied over 

time, but the frequencies reflecting the solar magnetic field cycle (22 years) and the 

sunspot cycle (11 years) were relatively consistent (Fig. 11).    

The graphs made from the hand measurements showed cycles similar to those 

isolated by the computerized method, although the 19-23 pair cycle was missing from the 

graph of sections E1 through E3 (Fig. 12).  Perhaps more importantly, the layer 

thicknesses returned by the band-pass filtered data were very close to those derived from 

hand measurements (see again Fig. 8). 

 

Discussion 

 The laminations alternate between light-colored layers of gypsum – deposited 

during the warm summer months when evaporation was rapid, and black organic-rich 

layers – deposited during the winter when the brine became under saturated with respect 

to gypsum.  The thicknesses of the lighter gypsum laminations vary, with thicker 

laminations suggesting hotter, more arid years when rates of evaporation were higher 

(Kushnir, 1981). 

The largest discrepancy between the computerized data-processing and the hand 

measurements was in each method’s definition of one lamination pair.  When measuring 

by hand, a lamination pair was considered an actual pair of one dark and one light 

lamination.  In the computer method, the thickness of one “pair” was the distance 

between the centers of two black layers (peak to peak in the plot profile).  (Compare Fig  
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Fig 11
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Fig 12
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8 and Fig 9.)  Considering that the thickness of the dark laminations rarely alters (the 

major differences between pairs being contained in the light laminations), and that FFTs 

take into account the patterns of change in relative, not actual, thickness, this should not 

affect the results.  Indeed, the computerized method using pixel values and the traditional 

method of measuring the lamination pairs by hand returned similar spectral peaks and, 

more importantly, lamination thicknesses.  This again suggests that the computerized 

methods return accurate results.    

The variation in lamination arrangement and thickness between similar sections 

(the most significant cause of noise in the data set), may be the result of centimeter to 

meter-scale topographic variations in the basin floor, and/or because of interlamination 

growth of coarse crystalline gypsum.  These small, localized gypsum growths destroyed 

some laminations as well as distorting those in the surrounding areas (Fig. 13).  That the 

majority of the laminations can be followed for over 100 meters across the gypsum beds 

suggests that the basin was reacting to external forces – forces that typically are 

influenced by annual processes (Anderson, 1982). 

Considering that sedimentation rates in the Messinian were dominated by 

precessional cycles (Krijgsman, 1999), it is likely that one section of gypsum and black 

shale represents about 10,000 years.  A rough calculation, considering the amount of time 

therefore contained in one section of gypsum, suggests that, to be varves, the laminations 

must average about 0.5mm in thickness – an estimate that reflects closely the actual 

dimensions of the laminations.  

  More definitive evidence for the annual nature of these laminations is the 

appearance of the cycles of 9-13 and 19-23 pairs, reflecting the variable 11 year and 22  
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Fig 13
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year sunspot and magnetic field cycles (Anderson and Kirkland, 1960).  The 32-35 year 

cycle also is the result of solar influence, and the three together are sometimes referred to 

as the solar cycle (Awadallah et al., 1985).  

In addition to these solar cycles, the majority of the graphs displays strong 

frequencies between 2 and 5 years in length (Table 1).  Cycles that are considered 

signatures of ENSO are typically 3.3, 4.7, and 5.1 years, together with a distinct quasi-

biannual peak at ~2.3 years (Huber and Caballero, 2003).  It is this particular grouping of 

peaks, present in nearly every sample, that suggests that ENSO was operating during the 

Messinian and influencing the Mediterranean.  Cycles typical of the NAO are longer than 

those of ENSO, usually between 7 and 8 years, though 3 year cycles are also common 

(Frisia et al., 2003).  Although cycles of greater length are found in these samples, they 

are not as strong as the ENSO-length cycles, nor are they present with the same 

consistency, suggesting that the NAO did not influence sedimentation rates in this region 

as strongly as did El Niño.  

The sliding window analysis reveals that the frequencies in the ENSO-length 

range are not consistent over time.  This supports the idea that they are El Niño-related, 

as El Niño is a semi-cyclic phenomenon (Bull et al., 2000).  There is some consistency, 

however, in the influence of the 11 year sunspot cycle.  The 22 year magnetic field cycle 

does not appear in the final plot, which possibly is a function of the relatively short sets 

of laminations that were processed in the analysis.       
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Table 1 
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Conclusions 

 The laminations in the Gesosso Solfifera outcrop at Portonovo appear to be 

varves, as they can be correlated over large distances and display the sunspot and solar  

magnetic field cycles.  A new method using high-resolution digital images revealed a 

number of ENSO length cycles in the data, but very few consistently strong frequencies 

of NAO length.  These results were verified by comparing them with results from the 

more conventional method of measuring lamination thickness by hand. 

These results are somewhat surprising.  Today, the NAO has a greater influence 

on the Mediterranean climate, while the ENSO teleconnection to Europe is weak.  In the 

past, when it has been stronger, it is often the result of the relative proximity of the North 

American and Eurasian continents (Huber and Caballero, 2003). In the Messinian, 5.96 

million years ago, the continents were in roughly the same positions in which they are 

today, suggesting that geologists must invoke some cause other than proximity.  Perhaps 

the primary cause of this change in the role of the oscillations is the climate, which was 

warmer during the Messinian, a phenomenon that may become more important in years 

to come if Earth’s climate continues to warm. 
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Appendix 1: The MATLAB program (peakfind_BP, written by David Bice) used to 
conduct band-pass filters and FFTs on the data.  
 
 
clear all; 
  
y=[176.357 
175.933 
175.37 
174.344 
172.602 
170.763 
169.804 
169.756 
170.202 
170.117 
169.491 
168.494 
167.769 
167.422 
166.939 
166.398 
168.054 
169.094 
170.689 
172.239 
173.2 
173.163 
172.204 
171.287 
169.235 
167.026 
163.496 
159.791 
156.626 
153.907 
151.52 
]; 
  
a=(1:length(y)); 
  
findpeaks(y); 
thick1=diff(ans); 
  
  
% bandpass filter to remove noise 
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%first define the range of frequencies to keep, between f1 
and f2 
f1=1/50000; % denominator is the period 
f2=1/12;% denominator is the period 
n=length(y); 
ft=fft(y); 
Nyquist=abs(0.5/1); 
fre=linspace(0,2*Nyquist,n)'; 
[m,k1]=min(abs(fre-f1)); 
[m,k2]=min(abs(fre-f2)); 
k3=n-k2+2; 
k4=n-k1+2; 
% zero all but the desired band 
ft(1:k1)=zeros(k1,1); 
ft(k2:k3)=zeros(k3-k2+1,1); 
ft(k4:n)=zeros(k1-1,1); 
%take inverse FFT; remove the imaginary part 
ynew=real(ifft(ft)); 
figure; 
plot(a,y,a,ynew); zoom on 
  
clear ans; 
findpeaks(ynew); 
thick2=diff(ans); 
%figure; 
%plot(thick2,'r'); 
  
  
h=thick2; 
t=(1:length(h)); 
  
  
%subtract the mean then plot 
h=h-mean(h); 
%plot(t,h); 
%zoom on; 
%calculate FFT and Power after padding 
npt=2^14; 
H=fft(h,npt); 
P=H.*conj(H); 
%calculate frequency array 
Nyquist=0.5/(t(2)-t(1)); 
f=linspace(0,Nyquist,npt/2); 
%normalize to unit mean power 
P=P/mean(P(1:npt/2)); 
%plot 
fmax=0.5; 
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num=round(npt/2*fmax/Nyquist); 
figure; 
plot(f(1:num),P(1:num)); 
XLABEL('frequency') 
YLABEL('spectral power') 
title (['number of layers =',num2str(length(thick2))]); 
mark1x 
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