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ABSTRACT

Periodic variations in Earth’s orbital pa-
rameters force climate on local and global 
scales, with global responses particularly sen-
sitive to the presence of ice sheets and their 
associated feedbacks. Therefore, determin-
ing whether orbital forcings influenced sedi-
mentary records of the past, and if so, which 
had such an effect, can shed light on Earth’s 
climate sensitivity and global ice volume. To 
this end, we present a field- and drone-based 
cyclostratigraphy of the predominantly lacus-
trine El Molino Formation of the Late Creta-
ceous–Early Paleogene Potosí Basin in pres-
ent day Bolivia, which contains carbonate 
mud parasequences that record fluctuating 
hydrological conditions, including ephemeral 
marine connections, from 73 Ma to 64 Ma. 
We introduce a novel methodology for incor-
porating drone imagery into a quantitative, 
three-dimensional stratigraphic model that 
generates an upward-younging quantity com-
parable to stratigraphic height, and we find 
that our model outperforms our own field 
measurements of stratigraphic height. We 
project drone imagery at two sites into the 
stratigraphic model to construct time series of 
outcrop color, which vary systematically with 
facies and track basin water depth. Spectral 
analysis of these time series reveals sedimen-
tary periodicities corresponding to short ec-
centricity, precession, and semi-precession, 
which are corroborated with measurements 
of magnetic susceptibility from mudstones. 
We generate independent age models at both 
study areas from four new U-Pb chemical 
abrasion–isotope dilution–thermal ioniza-
tion mass spectrometry  (CA– ID–TIMS) ages, 
which are consistent with an orbital interpre-
tation for observed sedimentary periodici-
ties. Importantly, we observe the presence of 

obliquity-scale periodicity in sedimentation 
during a period of marine connection, sug-
gesting that sea level oscillations were driven 
by obliquity. This observation is consistent 
with previous claims about the presence of 
a small, orbitally forced Antarctic ice sheet 
 during the latest Cretaceous.

INTRODUCTION

Dramatic shifts between icehouses—cooler 
periods with sustained polar and possibly lower 
latitude ice sheets—and hothouses—warmer 
periods lacking substantial ice sheets—seem 
to capture Earth’s fundamental climate vari-
ability on long timescales (10–100 m.y.). To 
some  extent, we can infer transitions between 
hothouses and icehouses via sedimentological 
evidence that demonstrates the presence of gla-
ciers throughout the geologic record. Further-
more, measurements, such as those of pCO2 of 
gas trapped in ice cores and the oxygen stable 
isotopic composition of foraminifera from 
ocean cores, have improved our understanding 
of the transition into and basic structure of the 
Pleistocene icehouse, further demonstrating the 
 importance of higher frequency, periodic modes 
of climate variability driven by orbital forc-
ings (0.01–1 m.y.) (Hays et al., 1976;  Huybers, 
2006, 2011; Martinson et al., 1987; Raymo et al., 
2006). These measurements effectively record 
global climate responses, but similar globally 
sensitive proxies become increasingly sparse 
throughout the geologic record. Preservation 
of direct sedimentological evidence of glacia-
tion also diminishes through time (Eyles, 1993), 
requiring that we develop and evaluate new cli-
mate proxies within surviving portions of the 
stratigraphic record to assess the global climate 
state. The presence of ice sheets is a critical com-
ponent of climate sensitivity, especially to orbital 
forcing, due to their associated feedbacks (Imb-
rie et al., 1992, 1993). Assessing the presence of 
ice sheets through time helps us to understand 
how Earth’s climate might have responded to 

other observed forcings, such as large igneous 
provinces or meteorite impacts. Substantial work 
has prioritized studying the periodicity of sedi-
mentary sequences to determine which, if any, 
orbital forcings influenced sedimentation and 
whether they are consistent with the presence 
of ice sheets. Identifying sedimentary period-
icity attributable to orbital forcings also gener-
ates a high-resolution age model, permitting 
high- precision timing of events in Earth history 
 (Hinnov and Hilgen, 2012).

At a given location in terrestrial or marine ba-
sins, the sedimentological response to a change 
in climate depends on the corresponding chang-
es in water depth, detrital fluxes, ionic saturation 
states (e.g., of carbonate), redox state, and bio-
logic productivity. These variables exhibit com-
plex interactions, and their responses to climate 
change are both local and global. For example, a 
low-latitude marine basin during the Pleistocene 
would experience water depth variations driven 
by glacioeustatic oscillation, which would have 
varied before 700 ka with obliquity and after 
roughly every 100 k.y. (Huybers, 2011). How-
ever, clastic sediment fluxes would depend 
mostly on local hydrology, likely varying with 
precession, since precessional forcing drives 
low-latitude hydrology, even during the Pleisto-
cene ice ages (Clement et al., 2004; Laepple and 
Lohmann, 2009). For deep basins, water depth 
changes are unlikely to drive large sedimento-
logical changes, while for shallow basins the 
same changes could lead to alternation between 
aeolian and aqueous regimes. Furthermore, for 
entirely lacustrine basins, the above variables 
are more closely connected to local changes in 
hydrology; lake level especially drives the dom-
inant sedimentological variability (e.g., Olsen 
and Kent, 1996). While basin sedimentology in 
a lacustrine system would not directly respond to 
sea level change, local variables, especially tem-
perature, likely would be sensitive to ice ages, 
potentially influencing sedimentation.

These considerations determine the interpret-
ability of sedimentary periodicity recorded by †adrianraph@gmail.com.
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a given proxy with respect to local and global 
 climate. The facies-depth relationship interpret-
ed for the Newark Basin demonstrates remark-
able eccentricity and precessional periodicity 
consistent with orbitally forced variations in 
monsoon intensity over tropical Pangaea (Olsen 
and Kent, 1996), but the record does not pro-
vide strong independent evidence in favor of (or 
against) the Triassic hothouse. While the Trias-
sic hothouse is not strongly disputed, several 
workers have begun to challenge the interpreta-
tion of a Late Cretaceous hothouse, providing 
evidence for global cooling (Barrera and Savin, 
1999; Bowman et al., 2013; Dennis et al., 2013; 
Li and Keller, 1998; Linnert et al., 2014; Stoll 
and Schrag, 2000) and some arguing for a small 
Antarctic ice sheet that drove glacioeustatic vari-
ation (Kominz et al., 2008; Miller et al., 2005; 
Thibault et al., 2016). With this timeline, Ant-
arctic glaciation occurs around 40 million years 
or more before its commonly accepted initiation 
around 34 Ma, which would change the context 
for Cenozoic cooling and its causes (Jagoutz 
et al., 2016; Macdonald et al., 2019; Raymo and 
Ruddiman, 1992). Possible Maastrichtian cool-
ing also would change our understanding of the 
end-Cretaceous extinction event and its causes. 
However, existing Late Cretaceous cyclostratig-
raphies either do not examine proxies that would 
be sensitive to glacioeustatic variability or report 
on lacustrine basins that record only local cli-
mate responses.

The ideal cyclostratigraphic system provides 
high-precision independent absolute age models, 
multi-proxy signals, significant record length, 
and relatively stable sedimentation rates. The 
proxies should be sensitive to different aspects 
of environmental controls on sedimentation, 
ideally also capturing both local and global cli-
mate variability. Our study presents data from 
a sub-tropical Late Cretaceous foreland basin 
satisfying these conditions. We also introduce a 
novel methodology for the quantitative applica-
tion of drone-captured imagery to paleoclimate 
and cyclostratigraphic research. By providing 
high-resolution, quantitative information in the 
form of outcrop color, drone imagery leverages 
the full two-dimensionality of surface exposure, 
which drill cores or discrete sections cannot do.

Late Cretaceous–Early Paleogene 
Potosí Basin

The Potosí Basin of the Bolivian Altiplano 
presents an excellent candidate for construct-
ing a Late Cretaceous cyclostratigraphy. This 
basin, which accumulated sediments from 
roughly 89 Ma to 55 Ma, contains formations 
that demonstrate a hierarchy of sedimentary 
parasequences bracketed by temporal constraints 

in the form of volcanic ashes erupting from the 
immediately neighboring volcanic arc (Sempere 
et al., 1997).

The Potosí Basin was an under-filled, back-
arc foreland basin formed by subduction along 
the western margin of the South American plate 
(Lamb et  al., 1997; Sempere, 1994; Sempere 
et al., 1997). Protected to the west by the pre-
Andean volcanic arc and to the south and east, 
respectively, by the Argentinian Sierra Pam-
peanas and South American craton, the Potosí 
Basin recorded a predominantly lacustrine envi-
ronment that occasionally connected to marine 
waters via the northern margin of South Amer-
ica, which lies 3800 km distant (Camoin et al., 
1992; Rouchy et al., 1993; Sempere et al., 1997). 
Estimates of basin area range from 300,000 
km2 (Camoin et al., 1997) to over 500,000 km2 
(Sempere et al., 1997), roughly the size of the 
present-day Caspian Sea (370,000 km2), sug-
gesting a system with hydrological sensitivity to 
both a large area of the South American conti-
nent as well as to, at least sporadically, eustatic 
variability.

Deposition of the Maastrichtian–Danian El 
Molino Formation coincided with an increase in 
tectonic loading from the arc, which increased 
flexural subsidence and sedimentation in the 
 Potosí Basin (Sempere, 1994). During this time, 
the basin maintained a broad, flat profile with 
low-gradient ramp-type margins (Camoin et al., 
1997; Sempere, 1994). The depositional environ-
ment was predominantly lacustrine, with rivers 
flowing from the western arc, the southern Argen-
tinian highlands, and the eastern South American 
mainland (Camoin et al., 1997; Rouchy et al., 
1993; Sempere, 1994; Sempere et  al., 1997). 
Previous workers recognized the  existence of 
interaction with marine waters due to the pres-
ence of marine fish species (Gayet et al., 1993; 
Rouchy et  al., 1993). However, disagreement 
exists on the frequency and mechanism of con-
nection to marine waters. Gayet et al. (1993) and 
Sempere (1994) claim that the basin was in fre-
quent contact with marine waters, and they cor-
relate the global marine transgressions of Haq 
et al. (1987) with transgressions that they mark 
at the bottoms of the Lower, Middle, and  Upper 
El Molino. Thus, eustatic variations in their 
view dictated to first order marine influence in 
the basin, with tectonic forces possibly opening 
sporadic connections to marine waters as well. 
Camoin et al. (1997) and Rouchy et al. (1993), 
however, argue that oscillating lake levels driven 
by local hydrology controlled the connections to 
marine waters. They make this argument on the 
basis of relatively lighter stable isotopes of sul-
fur in evaporitic gypsum from the Chaunaca and 
Santa Lucia formations (above and below the El 
Molino Formation, respectively) with respect to 

what would be expected for gypsum forming 
from evaporating marine waters. Furthermore, 
the El Molino Formation itself contains fewer 
evaporites, which are consistent with a more hu-
mid environment. Thus, because the formations 
bracketing the El Molino Formation deposited 
without marine interaction, the authors conclude 
that the overall increased humidity during depo-
sition of the El Molino led to significantly deeper 
basin water depths and lower salinities, which in 
turn must have dictated the sporadic connections 
to marine waters.

Cycles of thicker (5–10 m) gray, black, pur-
ple, blue, and green shales and thinner (0.2–1 m) 
bioclastic (stromatolites and coquinas), oolitic, 
and grainstone limestones characterize alternat-
ing sedimentary lithologies in the El Molino. 
This alternation between mudstones/shales and 
carbonates represents the lateral movement of 
open lacustrine, marginal lacustrine, and flood-
plain facies in response to changes in basin 
water depth (Camoin et  al., 1997), with car-
bonates existing mostly within the margin and 
mudstones in the open lacustrine and floodplain 
environments. Because the parasequences are 
distinguishable visually (Figs. 1 and 2), outcrop 
imagery provides a proxy for changing sedimen-
tation and paleoenvironment, specifically, for ba-
sin water depth.

Drone Imagery as a Paleoclimate Proxy

In this study we present the utilization of 
drone-captured outcrop imagery as a proxy data 
set. At two sites, we construct dense, three-di-
mensional photogrammetric point clouds from 
drone imagery. Then, using hundreds of struc-
tural measurements and dozens of bed traces, we 
construct quantitative three-dimensional strati-
graphic models that allow us to represent every 
spatial point at both sites in terms of its corre-
sponding stratigraphic height. With these models, 
we project the drone-derived point clouds into 
the stratigraphy, allowing us to average outcrop 
color over the entire field area within intervals of 
stratigraphic height, resulting in a time series of 
outcrop color with a large signal-to-noise ratio. 
These color time series then are tested for sedi-
mentary periodicity without qualitative assump-
tions about facies-depth relationships.

Previous work with outcrop color as a proxy 
has relied on cores, which are difficult and expen-
sive to extract and still only sample a single loca-
tion. Our approach allows us to leverage data over 
several square kilometers rather than just consider 
noisy, one-dimensional color transects across 
outcrop or a single drill core. The stratigraphic 
model also allows us to represent measurements 
of magnetic susceptibility (MS) taken on samples 
from measured sections in the same quantitative 

Downloaded from https://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35189.1/4933624/b35189.pdf
by Princeton University user
on 03 February 2020



Orbital forcing of the Potosí Basin

 Geological Society of America Bulletin, v. 130, no. XX/XX 3

framework, facilitating comparison between the 
two proxies. We also find that the stratigraphic 
model outperforms our conventional measure-
ments of stratigraphic height, which suffered from 
faulty traces and the accumulated effects of biases 
in bedding attitude while measuring. The model 
provides a more accurate tool for measuring and 
representing stratigraphic sections, improving the 
subsequent spectral analysis of sedimentary peri-
odicity. Coupled with U-Pb zircon CA–ID–TIMS 
ages that we report from within the stratigraphy, 
we present a multi-proxy cyclostratigraphic anal-
ysis with independent age controls.

From our measurements of MS, we report 
 orbitally forced sedimentation varying on 
 eccentricity, obliquity, precessional, and semi-
precessional timescales. From the outcrop color, 
which we hypothesize is sensitive to basin water 
depth, we report variability on predominantly 
precessional and semi-precessional timescales. 
During deposition of the upper portion of the 
Lower El Molino, however, the emergence of 
obliquity scale variability in facies alternation 
suggests obliquity-forced eustatic oscillation, 

consistent with previous arguments for a Late 
Cretaceous Antarctic ice sheet.

METHODS

Field Work

We visited two field sites with outcrop of the El 
Molino Formation on the Bolivian Altiplano, one 
near Ichilula in the Jayu Jayu syncline (Fig. 1) and 
another in the Maragua syncline 20 km west of 
Sucre (Fig. 2). Both sites offered several hundred 
meters of continuous section that could be imaged 
by our fixed-wing drone. At Ichilula, outcrop was 
continuous from the top of the Chaunaca Forma-
tion until the Middle El Molino (Fig. 3). Outcrop at 
Maragua spanned the entire El Molino Formation, 
with obvious contacts with the Chaunaca Forma-
tion below and the Santa Lucia Formation above.

At Ichilula and Maragua, we measured strati-
graphic sections at the centimeter scale with a 
Suunto clinometer attached to a Jacob staff, en-
suring measurements perpendicular to bedding 
(Fig. 3). Several hundred geolocated structural 

measurements were taken at Ichilula and Mara-
gua using the FieldMove Clino mobile applica-
tion on iPads and iPhones as well as Brunton 
compasses with Trimble GeoXH units (Figs. 1 
and 2). Shales and carbonates were sampled 
approximately every 30 cm along section, and 
marker beds were geolocated with Trimble 
positions. At both sites, dozens of beds were 
traced along several hundred meters by Trim-
ble units, with bed thicknesses and brief litho-
logical descriptions gathered every 20–30 m. 
Samples of tuffs were collected at both sites 
for U-Pb zircon geochronology and located by 
Trimble positions.

A senseFly eBee fixed-wing drone equipped 
with a Canon S110 RGB (red, green, and blue) 
camera collected several thousand images of both 
study areas, flying 20–25 min missions at alti-
tudes of ∼100 m above the surface such that each 
pixel corresponded to <5 cm on the surface. The 
drone collected images along gridded flight lines 
to ensure image overlap of at least 60% among 
neighboring images. At least five ground control 
points (GCPs) in the form of bright 1.2 × 1.2 m 
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Figure 1. (A) Overview of study area Ichilula on the present-day Bolivian Altiplano. The terrain model is a mesh representation of a point 
cloud obtained via photogrammetry of several thousand images captured by a senseFly eBee drone flown at 100–110 m above the surface. 
Field measurements of strikes and dips are shown as normal vectors to bedding, and bed traces measured in the field are shown as orange 
marks. The sampled locations of ashes for U-Pb geochronology are shown as green triangles. Also shown are the measured section IC1 as 
well as labels of the interpreted boundaries between the Chaunaca, Lower El Molino, and Middle El Molino. The trapezoidal shape with 
color increasing from blue to red captures the area for which a stratigraphic model of Ichilula was constructed. (B) The inset map shows 
the modern location of Ichilula in western Bolivia with isopachs for the entire Potosí Basin from Lamb et al. (1997) and Riccardi (1988). (C) 
This graph shows in blue the interpolated stratigraphic potential against the measured stratigraphy; a least squares line is shown in gray. 
The dashed black line is a 1:1 reference line. In black are the differences between measured height and interpolated potential.

Downloaded from https://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35189.1/4933624/b35189.pdf
by Princeton University user
on 03 February 2020



Tasistro-Hart et al.

4 Geological Society of America Bulletin, v. 130, no. XX/XX

orange tarps were positioned as close as possible 
to the boundaries of the flight area at each site. 
The GCP corners were located by Trimble units. 
We planned flight paths that maximized the il-
lumination of outcrop by simulating shadow dis-
tributions on coarser digital elevation models of 
the study areas given solar azimuths and zeniths 
throughout the day. We also captured oblique im-
agery of the steepest outcrop faces at Maragua.

Almost all Trimble positions were differen-
tially corrected during post-processing by an on-
site R8 base station, while all remaining positions 
utilized the nearest (<100 km) Andes Global Po-
sitioning System (GPS) project base station on the 
Altiplano (see Tables S2–S3 in the supplement1).

U-Pb Zircon Geochronology

We collected four volcanic ash samples for 
U-Pb zircon CA–ID–TIMS geochronology 
from Ichilula and Maragua to provide an inde-
pendent age model with which to test observed 
depositional periodicities. The methods used 
are slightly modified from those of Mattinson 
(2005) and Samperton et al. (2015), and they are 
described in detail in the supplement. We use 
the 206Pb/238U dates for individual grains for all 
date interpretations because this isotopic system 
provides the most precise chronometer for rocks 
of this age. A correction for exclusion of Th dur-
ing zircon disequilibrium and initial secular dis-
equilibrium was done using the Th/U ratio of 
each zircon calculated assuming concordance 
between the 206Pb/238U and 208Pb/232Th isotopic 
systems and the experimentally determined ra-
tio of Th and U partition coefficients between 
zircon and andesitic melt (fThU = DTh/DU) of 
fThU = 0.33 (Rubatto and Hermann, 2007). The 
results of these analyses are presented in Table 
S1 (see footnote 1).

As U-Pb zircon geochronology has become 
increasingly precise, the identification of inter-
grain age dispersion within samples has be-
come more common. This dispersion can arise 
through protracted zircon crystallization prior to 
eruption, incorporation of xenocrysts from the 
wallrock of the magmatic system, or inheritance 
of antecrysts from an older part of the volcanic 
system. Distinguishing between these options 
can be difficult and incorporating older grains 
in weighted mean calculations can result in 
eruption ages that are biased too old. However, 
using only the youngest zircon date risks utiliz-
ing a date that is biased too young by using data 
that defines the young end of analytical scatter 
or a grain that has residual Pb-loss. Both of the 
samples with dates that we interpret to represent 
eruption/deposition have mean square weighted 
deviations (MSWD) that are expected from ana-
lytical scatter alone (Wendt and Carl, 1991), and 
we conclude that any age dispersion within the 
samples is not resolvable within the uncertainty 
of a single analysis. Nevertheless, we present 
two interpretations for the dated samples. The 

1GSA Data Repository item 2020067, cross 
validation of the stratigraphic model, full grain 
by grain U-Pb CA-ID-TIMS isotopic data for the 
reported ages, measured section logs, magnetic 
susceptibility measurements, detailed discussion of 
any data preprocessing, including prewhitening of 
the time series and GPS data reduction, is available 
at http://www.geosociety.org/datarepository/2020 or 
by request to editing@geosociety.org.
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first represents the youngest grain, and the sec-
ond represents a weighted mean. The differences 
in these interpretations are negligible for the re-
sulting age models and will be discussed in the 
following sections.

Magnetic Susceptibility

We measured magnetic susceptibility of mud-
stones and shales using a Terraplus KT-20 mag-
netic susceptibility (MS) meter with rectangular 
sensor at 10 KHz and a nominal sensitivity of 
1 × 10–6 SI. Each sample was pulverized to en-
sure homogeneous grain size and pore space. 
Each reported sample measurement is the mean 
of at least 10 measurements of MS, taken in iso-
lation from nearby metallic/magnetic objects. 
Sample powders were in thin plastic bags, and 
the area of a sample covered the entire area of 

the sensor. We only measured the fine-grained si-
liciclastics because they were the most abundant 
lithology, and we hoped to detect compositional 
periodicity independent of the lithological alter-
nation between muds and carbonates.

Drone Data

We used the Pix4D photogrammetry software 
to process drone imagery in three steps. In the 
first step, the software detected features in each 
image and then computed matching features 
between images. These initial features found 
across multiple images formed a sparse point 
cloud, which was reoptimized by incorporat-
ing the GCP constraints. The next step iterated 
through neighborhoods surrounding re-opti-
mized features to find other features, densifying 
the point cloud. All densified point clouds con-

tained >5 × 107 points. Finally, Pix4D generated 
gridded digital elevation models (DEMs) from 
the point clouds and orthomosaics from the im-
agery and point clouds. Final orthomosaics and 
DEMs achieved <5 cm/px.

At Ichilula, no post-processing of the point 
cloud was necessary, since outcrop is not ob-
structed by vegetation, and what vegetation is 
present tends to grow along the carbonate beds, 
reinforcing the lithological signal. At Maragua, 
however, vegetation obstructs large portions of 
outcrop in the imagery without preference for 
lithology. Thus, at Maragua, we used a linear 
support vector machine (SVM) to perform a 
binary classification distinguishing outcrop and 
vegetation based on RGB values for points in 
the point cloud (Figs. S3–S4; see footnote 1). 
The training set comprised 10,000 points for 
each class, and subsequent classification of the 
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Figure 3. Stratigraphic columns of measured sections at field sites Ichilula and Maragua. At Ichilula, one section, IC1, was measured to just 
under 400 m through the Lower and Middle El Molino. At Maragua, we measured three sections that span continuously most of the Lower 
and the entire Middle and Upper El Molino, roughly 780 m. Ash samples are labeled beside their locations in the stratigraphies with their 
final interpreted ages. The grain sizes along the x-axis refer to the modal grain size; we do not report here a Dunham-style classification for 
the carbonate lithologies. Beside the schematic stratigraphic columns are columns constructed from the drone imagery, where the colors 
are the average colors within bins of potential and thus represent the average color of the stratigraphy along the section. The black lines on 
these columns are the principal components (PC1, PC2, PC3 from left to right) of red, green, and blue (RGB) values averaged along bins 
of potential along the section. Beside the drone-derived stratigraphic columns are the measurements of magnetic susceptibility along both 
sections. The upper left of the figure illustrates sedimentation rates corresponding to the available geochronologic data. The three ashes 
from Ichilula support a hypothesis of constant sedimentation rate throughout much of the Lower El Molino.
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testing set of over 2 million points resulted in 
98% classification accuracy.

Stratigraphic Potential Model

Motivation
The drone data provided us with an opportuni-

ty to utilize a full two-dimensional record of the 
stratigraphy, as opposed to the one-dimensional 
transects, such as measured sections or cores that 
are typically available for paleoclimate studies. 
This two-dimensionality allowed us to consider 
lateral variability in bed thickness/composition 
and to circumvent problems such as cover or 
faulting by providing access to clear outcrop of 
each bed somewhere in the imagery.

To interact quantitatively with these two-di-
mensional data, we implemented a stratigraphic 
model at Ichilula and Maragua. The model oper-
ates by generating a scalar-valued field in three 
dimensions such that bed traces share identical 
values of this scalar “potential.” Thus, any spatial 
point in the study area can be mapped to one po-
tential value, which represents a single moment 
of deposition. We show a synthetic example of 
this model in two dimensions for two sedimen-
tary situations in Figure 4, which demonstrates 
how the potential coordinate equates to strati-
graphic height in a layer cake stratigraphy. More 
generally, however, the potential values behave 
as upward younging coordinates in any stratig-
raphy with possibly variable bed thicknesses. 
Assuming that bed traces do, in fact, represent 
single moments of deposition, this representa-
tion means that the potential coordinate can 
be uniquely converted to time using ages from 
within the stratigraphy.

With such a model, points from the drone-
derived point cloud can be placed quantitatively 
into the stratigraphy. Furthermore, samples not 
collected while measuring a stratigraphic section 
still can be projected into the stratigraphy by 
converting their location into a potential value.

Stratigraphic Potential Model as Interpolation
This stratigraphic model is computed via a 

cokriging system that takes two inputs: (1) points 
along bed traces and (2) strikes and dips. The 
traces constrain equipotential surfaces, while the 
strikes and dips provide gradient information for 
the potential field. At both sites, bed thicknesses 
and compositions remained constant through-
out the entire outcrop, so we proceed under the 
critical assumption that bed traces, and thereby 
equipotential surfaces, track contemporaneous 
deposition.

In the primal form of the cokriging system, the 
primary variable, stratigraphic potential Z, is in-
terpolated as an increment Z(x) − Z(x0) at location 
x—note that x here is always a three-coordinate 

position vector x x x x T= [ ]1 2 3 —relative 
to some arbitrary origin potential value Z(x0), 
which we take to be zero (Chilés and Delfiner, 
1999; Lajaunie et  al., 1997; Matheron, 1971) 
(Equation 1).
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This estimate is a linear combination of two 
variables. The first variable is null potential in-
crements, Z x Z xj j( ) ( )− ′ , which are the bed trac-
es, where the indices jj′ ∈ P(k) refer to distinct 
points on a bed, k. There are then n nk k= −Σ 1 
linearly independent combinations of points 
from all the beds, where nk counts the number of 
points tracing the kth bed. The potential incre-
ments along bed traces are by definition zero—
hence null potential increments—and thus they 
do not contribute directly to the estimate of Z(x). 
However, by defining where potential values 
must be identical, the bed traces impose con-
straints on the computation of the weights ai, bi, 
ci that act on the auxiliary variables. The auxilia-
ry variables, Gx, Gy, Gz are the three components 
of the gradients of the potential field, which are 
the three components of the normal-to-bedding 
vectors. These vectors can be computed as the 
cross product between dip direction and strike 
direction, defined using the right-hand rule. The 
third term reflects drift in potential described by 
smoothly varying basis functions fl(x), which we 
take to be up to second order polynomial. The 
weights ai, bi, ci, djj’, el are solved for by inverting 
a linear system constructed via covariance mod-
els of the gradient and bed-trace data. Details 
on the selection of an appropriate covariance 
model and the construction of the linear system 
are given in Appendices 1 and 2.

This approach to stratigraphic modeling thus 
solves two problems: it accounts for geologic 
structure over an entire field area, and it by-
passes the complication of laterally varying bed 
thicknesses. While the latter is not a significant 
problem at our field sites, the relevance of this 
model to general stratigraphies merits emphasis, 
making this methodology relevant to cyclostrati-
graphic investigation of sites where sedimenta-
tion rates vary laterally over shorter distances.

We compared measured stratigraphic heights 
against the potential model by interpolat-
ing potential at spatial points where we knew 
stratigraphic height from measured sections 
(Figs. 1C and 2B). From the drone derived RGB 
point clouds, which contained tens of millions 

of points, we subsampled several hundred thou-
sand points at which we interpolated potential 
(Figs. 1A and 2A). Additionally, we interpolated 
potential values at the locations of the four tuff 
samples we collected (IC12, IC13, IC22, and 
MA2 485) as well as the estimated location of 
a 40Ar/39Ar sample reported by (Sempere et al., 
1997) to be 20 m above the base of the El Moli-
no (Table 1). Finally, we estimated stratigraphic 
potential for each shale sample by interpolating 
each sample’s stratigraphic height to potential 
via the curves in Figures 1C and 2C.

For the sake of intuition, and because the near-
ly constant lateral bed thickness at both Ichilula 
and Maragua resulted in an almost one-to-one 
mapping from stratigraphic height to potential 
(Figs. 1C and 2C), we will refer to stratigraphic 
potential with units of meters.

Spectral Analysis

Time Series Construction
To create time series from the drone RGB 

data, we first selected regions of the imagery 
relatively free of faulting and shadows. For the 
RGB points in these areas, we created bins in 
potential space, each containing thousands of 
points from the point clouds. From the distri-
bution of points in each bin, we could compute 
the average color of that stratigraphic interval, 
forming an RGB series along the stratigraphy 
(Fig.  3). By performing this averaging, we 
hoped to increase the signal-to-noise ratio. 
The RGB series then were combined into one 
time series via principal component analysis, 
taking the first principal component (PC1) as 
input for spectral analysis. We chose this linear 
combination of RGB because it captures the 
most variance of color along the stratigraphy, 
which we hypothesize corresponds to orbital 
forcing. The bin widths were chosen such that 
the shortest period we could resolve would be 
semi-precession at 9.5–11.5 k.y. From the ra-
diometric age models, this resolution requires 
30 cm spacing at Ichilula and 35 cm spacing 
at Maragua to maintain a  Nyquist frequency 
above that of semi-precession.

The MS data at Ichilula were sampled regu-
larly enough in space so that interpolation was 
appropriate to ensure equal sample spacing. At 
Maragua, however, sample spacing was at times 
quite uneven, so interpolation would have intro-
duced significant bias into the spectral estimation. 
We opted to maintain the unevenly spaced series.

We then interpolated the series of RGB and 
MS from potential space to time. To this end, 
we created linear sedimentation models from the 
radiometric ages at each site (Fig. 3). Thus, each 
potential value was linearly interpolated to an 
age. We did not perform any tuning.
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Prewhitening
The power spectral densities (PSDs) of 

both RGB and MS exhibited large dynamic 
ranges, with background profiles well-ap-
proximated by low order autoregressive (AR) 
noise processes. To simplify the visualization 

of the PSDs, we reduced the dynamic range 
of the PSDs by prewhitening the time series. 
Prewhitening operates by filtering the origi-
nal time series to produce a new time series 
whose PSD is approximately horizontal (i.e., 
matches that of white noise) (Percival and 

Walden, 1993). Details about the estimation 
of these filter coefficients for the RGB and 
MS time series are given in Appendix 3. All 
prewhitened time series were demeaned and 
normalized to unit variance prior to spectral 
analysis.
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Figure 4. Two synthetic examples for the stratigraphic model in two dimensions. In both cases, the input data are the four bed traces 
denoted by the colored circles as well as seven strikes and dips, which are denoted by perpendicular bedding vectors. The black vertical 
lines with triangle endpoints show where the two leftmost stratigraphic columns in C and D are taken. (A) A layer cake stratigraphy with 
three beds of essentially constant thickness. The contours show the interpolated potential values, which almost exactly match the vertical 
 z-coordinate. (B) Example with varying lateral thickness. Here, the potential coordinate no longer exactly follows the vertical coordinate, 
since it dilates where the red middle bed expands, ensuring that all points on bed traces share an identical potential value. (C) On the left 
are the two stratigraphic columns through A, showing equal bed thicknesses in both. On the right is the column with potential, not height, 
as the vertical coordinate, which in this case is essentially equivalent to height. (D) On the left are stratigraphic columns through B show-
ing the unequal thicknesses of the lower two beds in terms of stratigraphic height. On the right, there is still just one column because the 
entire stratigraphy can be reduced to a single stratigraphic column via the model. Variable bed thickness produced a “compression” of the 
potential coordinate, which goes from roughly 0.06–0.96 instead of 0–1 in the layer cake example.
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Power Spectral Density Estimation, 
Confidence Intervals, and Period Uncertainty

All PSD estimates of the RGB series were 
computed via the multitaper method described 
by Thomson (1982) and implemented as the 
pmtm() function in Matlab. At Ichilula, where we 
interpolated the MS series to be evenly spaced, 
we also utilized the multitaper method. At Mara-
gua, however, we computed PSD estimates via 
the Lomb-Scargle periodogram, implemented as 
the plomb() function in Matlab.

Confidence intervals for the prewhitened time 
series were computed by Monte Carlo genera-
tion of 10,000 white noise sequences with unit 
variance. Then, from PSD estimates of the white 
noise sequences, the 50%, 95%, and 99% values 
for each frequency were taken as the confidence 
intervals. The PSD estimation technique of the 
noise sequences matched that of the original 
series (i.e., the multitaper method for all RGB 
series as well as the MS series from Ichilula, 
and the Lomb-Scargle method for the MS series 
from Maragua).

For peaks that exceeded the 95% confidence 
interval in the PSD, we produced estimates of 
the 95% confidence interval for the period cor-
responding to significant spectral power. These 
confidence intervals accounted for uncertain-
ties in the radiometric ages, the locations of the 
ages in the stratigraphy, and the frequency, as 
described in Appendix 4.

RESULTS

Field Work

At Ichilula we measured one section, IC1, 
along which we collected shale samples (Fig. 1). 
The section began within the Lower El Molino, 
whose lower contact with the Chaunaca Forma-
tion typically is hidden in cover. The section 
ended within the Middle El Molino before again 
reaching cover. We traced twenty beds along 
several hundred meters and collected 558 strike 
and dip measurements over the entire study area.

At Maragua, we measured two major sec-
tions: MA2, from the Lower El Molino to 

the contact between the Middle and Upper El 
 Molino, and MA4, covering the entire Upper 
El Molino to its contact with the Santa Lucia 
Formation. We collected shale samples only 
along MA2. We measured MA3, which spans 
the top of the Middle El Molino, 400 m to the 
west of MA2. We traced 20 beds with Trimbles 
and six beds with Garmins at Maragua. Ten 
of the Trimble bed traces were supplemented 
from traces of the drone imagery and DEM. 
An additional 14 bed traces were completed 
entirely from the drone imagery and drone-
derived DEM, for a total of 40 bed traces. 
We recorded 965 strikes and dips in the field. 
Several dozen more strikes and dips could be 
computed by fitting planes to some of the bed 
traces, where gullies introduce depth that ef-
fectively constrains the bedding plane.

All Trimble GPS locations at both sites could 
be differentially corrected, and fewer than 10% 
of points had uncertainties greater than 0.5 m 
 after differential correction. All Trimble points at 
Ichilula and Maragua had precision of less than 
5 m (see Table S3).

Facies Model

At both Ichilula and Maragua, sandstones 
at the very bottom of the El Molino Formation 
are followed by a characteristic alternation of 
roughly 5–10-m-thick shale sequences (con-
taining interbedded centimeter-scale oolites 
and wavy laminated grainstones to calcilutites) 
and 1–2 m coarser carbonate intervals. We in-
terpret, as have others before, that the alterna-
tion between mudstones/shales and carbonates 
records the lateral movement of three funda-
mental facies in response to changes in lake 
depth. As described by Camoin et al. (1997), 
these three facies are open lacustrine, marginal 
lacustrine, and floodplain  (emergent). Fine-
grained sediments of varying siliciclastic and 
carbonate composition characterize the open 
lacustrine facies, which records deposition 
in the deepest portions of the basin. The mar-
ginal lacustrine facies are dominated by car-
bonate sediments, and Camoin et  al. (1997) 

distinguish between outer and inner marginal 
facies, whose paleoenvironments differed 
primarily in water depth and energy level. 
The higher energy, deeper outer marginal fa-
cies include cross-bedded grainstones, often 
oolitic and/or skeletal, and decimeter scale 
stromatolites (Figs.  5H–5J). The typically 
lower energy, shallower inner marginal facies 
contain fine-grained carbonate sediments, in-
cluding wavy laminites and micrites, as well 
as oolitic packstones. Bivalve, ostracod, and 
gastropod shells along with centimeter to deci-
meter scale microbialite growths also are pres-
ent (Figs. 5F–5G). The shallowest sediments 
often underwent exposure, marking the transi-
tion from inner marginal to emergent facies, 
which is recorded by mudcracks, evaporites, 
and paleosols (Figs. 5C–5E). Evaporites occur 
as both chicken-wire and dispersed, 0.5–5 cm 
crystals, all either replaced by calcite or pre-
served as molds (Fig. 5E).

U-Pb CA–ID–TIMS Geochronology

Samples IC13 and IC22 from Ichilula con-
tained zircons with overlapping Cretaceous ages, 
from which a weighted mean was taken as an 
eruption age (Table 1). The analyses in IC12, 
however, exhibited age spread beyond analytical 
uncertainty, so we interpret the youngest zircon 
to represent a maximum depositional age (see 
supplement). The average sedimentation rate at 
Ichilula is 73 m my–1.

For MA2 485.17, the youngest grain also was 
taken as the maximum depositional age, since 
the dispersion among the four analyses did 
not support a coherent zircon age population. 
Sempere et al. (1997) report an 40Ar/39Ar age 
of 72.1 ± 1.0 Ma within the first 20 m of the El 
Molino Formation. Recomputing this age for an 
age of 28.201 Ma for the Fish Canyon sanidine 
(Kuiper et al., 2008) results in 73.0 ± 1.0 Ma. We 
estimated that the distance between the two ages 
is 685 ± 30 m (Fig. 3); so, including the uncer-
tainty in length and ages, the range in average 
sedimentation rates at Maragua is 85–130 m 
my–1, with a mean of 109 m my–1.

TABLE 1. U-PB ZIRCON CHEMICAL ABRASION–ISOTOPE DILUTION–THERMAL IONIZATION MASS SPECTROMETRY (CA–ID–TIMS) AGES

Sample Location Interpretation Youngest grain 
(Ma)

Weighted mean 
(Ma)

N 
(MSWD)

Strat. potential 
(m)

Strat. height 
(m)Lat. (°S) Lon. (°W)

Ichilula
IC13 19.4015 67.1602 Eruption 68.87 ± 0.11 68.944 ± 0.042 7(1.86) 232.3 335.9
IC12 19.4053 67.1584 MDA* 70.20 ± 0.23 1 147.4 242.8
IC22 19.4053 67.1566 Eruption 72.01 ± 0.11 72.089 ± 0.044 7(1.50) 2.1 99.6
Maragua
MA2 485.17 19.0821 65.3984 MDA* 66.58 ± 0.22 1 515. 485.17
Sempere et al. (1997)†, 

40Ar/ 39Ar
20.08 66.9 Eruption   73 ± 1.0 1 –207. N.A.

Note: Ages from Ichilula and Maragua. See the supplement for full isotopic data for each grain from the samples. MSWD—mean square of weighted deviates.
*MDA: maximum depositional age.
†Age from biotite sampled 20 m above the bottom of the El Molino near Chita, Bolivia.
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Figure 5. The following field photos show characteristic sedimentary sequences and facies from the El Molino at both Ichilula and 
Maragua. Images C–K show facies corresponding to deepening paleoenvironments. In all images, the one Boliviano coin has a 
 diameter of 27 mm, and the hammer has a length of 30 cm. (A) Image from Maragua around 105 m in MA2 showing a common 
stratigraphic sequence of shales with centimeter-scale interbeds of limestone grainstones, often oolitic, culminating in a carbonate 
dominated sequence with massive grainstones, ribbonites, stromatolites, or coquinas. Overlain are labeled lengths corresponding to 
significant spatial periodicities that we interpret as obliquity and semi-precession. (B) Another image from Maragua at around 140 m 
in MA2, again showing spatial periodicity that we interpret as obliquity. The roughly half meter carbonate beds are oolites, separated 
by purple mudstones that exhibit green reaction fronts underneath the carbonate beds. (C) Paleosol in green shale with white rhizo-
liths in the Upper El Molino at 174 m in MA4 at Maragua. The thin paleosol occurs on top of a mud-cracked limestone grainstone 
containing black chert nodules and below a nodular, silty, carbonate rich bed. Inner marginal to emergent facies. (D) Mudcracks 
in fine limestone grainstone subsequently covered by wave ripples within the Upper El Molino at 156 m in MA4 at Maragua. Such 
mudcracks are also common within the top of the Lower El Molino. Inner marginal facies. (E) Vugs after evaporitic gypsum in silt-
stone within the Upper El Molino at Ichilula outside of our measured section. Emergent facies. (F) Cerithid gastropod packstone in 
the Lower El Molino below MA2 at Maragua; this is also present within the Lower El Molino at Ichilula. Inner marginal facies. (G) 
Microbialites brecciated laterally and capped by limestone wavy laminite, pictured here at 30 m in MA2 at Maragua. Inner-marginal 
facies. (H) Fine grained limestone grainstone with trough cross beds becoming wave ripples toward the top, taken within the Lower 
El Molino around 110 m in IC1 at Ichilula. Outer-marginal facies. (I) Stromatolites with egg carton morphology forming elongated, 
linear bioherms in the Lower El Molino below MA2 at Maragua. Such bioherms are commonly found within the thicker carbonate 
sequences, often also with a cauliform morphology. Outer marginal facies. (J) Wave ripples filling the troughs of hummocks in oolite, 
taken within the Lower El Molino just below MA2 at Maragua. Outer marginal facies. (K) Sequence of black shale containing thin 
oolites followed by silt and wavy limestone laminate taken in the Lower El Molino around 125 m in IC1 at Ichilula. Overlain is the 
labeled length of 1.6 m, which corresponds to the spatial periodicity that we attribute to precessional forcing at Ichilula. Open lacus-
trine facies.
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Stratigraphic Potential Model

We performed cross-validation and sensitiv-
ity tests of the potential model to bed traces 
(presence and absence of individual beds), 
bed trace point densities, gradient data densi-
ties, and choices of sill and range in the kriging 
covariance model. Detailed discussion of these 
tests can be found in the supplement.

The correspondence between stratigraphic 
height and potential is almost 1:1 at Ichilula: 
over the length of the section IC1, the fit is ap-
proximately linear with a slope of 0.96, indicat-
ing that the stratigraphic model and measured 
stratigraphy correspond well (Fig. 1C). The po-
tential model additionally revealed an incorrect 
bed trace while measuring the IC1 section, dis-
cussed in the supplement (Fig. S10; see footnote 
1). All shale sample locations were corrected for 
this offset.

At Maragua, we did not detect any faulty bed 
traces in the measured stratigraphy, and the re-
lationship between potentials and stratigraphic 
heights also is linear with a slope of 0.94, again 
indicating a close correspondence between 
stratigraphic potential and measured stratigraph-
ic height (Fig. 2C).

Drone RGB Time Series

At Ichilula, PC1 captures 92% of the entire 
variance of RGB, while at Maragua, the PC1 
captures 84% of the entire variance of RGB 
(Figs. 3, 5A, and 6A). The coefficients of RGB 
in PC1 were 0.65, 0.59, and 0.48, respectively, 
at Ichilula, indicating highest weighting of red, 
then green, then blue components of the im-
agery. At Maragua, the RGB coefficients were 
0.64, 0.61, and 0.47, demonstrating the same 
trend as at Ichilula.

The RGB series (Figs. 6A and 7A) record 
alternation of the characteristic parasequenc-
es of thicker, fine-grained beds and thinner, 
more resistant carbonates. At Ichilula, the 
carbonate beds typically appear darker than 
the thicker shale/mudstone sequences. The 
apparent darkness originates from the over-
all darker color of the carbonates as well as 
shadows they tend to cast by slightly protrud-
ing from the shales. Vegetation preferentially 
grows along the carbonate beds, also casting 
shadows and exhibiting darker colors than the 
surrounding mudstones and shales, which are 
typically gray, green, or light blue. At Mara-
gua, the carbonates tend to appear lighter 
than the finer-grained sediments, which are 
much darker than at Ichilula, possibly due to 
less weathering. Vegetation also grows in-
discriminately, not reinforcing any lithologi-
cal signal.

Magnetic Susceptibility Time Series

Typical values for magnetic susceptibility 
range from 0.05 × 10–3 to 0.3 × 10–3 SI (Figs. 8 
and 9), and values above 0.3 × 10–3 SI were in-
terpreted as outliers and removed (Fig. S17; see 
footnote 1). Measurement uncertainties are sig-
nificantly smaller than the MS time series vari-
ability, indicating that measurement error does 
not conceal any signals.

Despite the overall linear correspondence 
between stratigraphic height and potential, the 
MS series at both Ichilula and Maragua differ be-
tween the potential and stratigraphic height co-
ordinates (Figs. 8A and 9A). At Ichilula, where 
the age model contains three geochronologic tie 
points that record a slightly slowing sedimenta-
tion rate, the interpolation from the potential-
domain to the time-domain further changes the 
MS series sample spacing. The subtle changes 
introduced by interpolation from height to po-
tential to time result in restructuring of power 
in the MS spectra, which is most significant for 
the change from stratigraphic height to potential.

Spectral Analysis

Time-reversed numerical simulation of 
Earth’s orbital parameters in response to solar 
system-scale dynamics by Laskar et al. (2004) 
and Laskar (2011) results in the following or-
bital periods for the Late Cretaceous: 125 k.y. 
and 95 k.y. for short eccentricity, 38–39 k.y. for 
obliquity, and 23 k.y., 22 k.y., and 18.5 k.y. for 
precession, with half the precessional periods 
corresponding to semi-precession (Fig. S15; 
see footnote 1). We interpret significant periods 
within uncertainty of these to correspond to the 
predicted orbital forcings.

All proxies at both sites record significant pe-
riodicity in sedimentation in the Lower El Moli-
no, which exhibits different spectral behavior be-
tween its bottom and top members. The bottom 
member of the Lower El Molino is dominated 
by precession and semi-precession, as record-
ed by the RGB series at Ichilula and Maragua 
(Figs. 6C and 7C), as well as the MS series at 
both sites (Figs. 8E and 9E). The RGB and MS 
series at Ichilula also record short eccentricity-
scale periodicity in the bottom Lower El Molino, 
although in the RGB series the periodicity of 116 
k.y. is longer than in the 89 k.y. periodicity in 
the MS series. The MS series at Maragua, which 
spans the transition from bottom to top of the 
Lower El Molino, only records precessional and 
semi-precessional signals.

Semi-precessional power persists into the top 
of the Lower El Molino in all proxies at both 
sites, and, at least for the MS data, precessional 
power also appears to persist (Figs. 8C and 9C). 

The RGB series, however, record the emergence 
of periodicity at obliquity timescales and the 
disappearance of periodicity corresponding to 
precession (Figs.  6D and 7D). This transition 
to obliquity also is observed in the spectrogram 
of the Ichilula MS series (Fig. 8C), but seems 
to  occur at 70.8 Ma, ∼400 k.y. earlier than the 
transition observed in the RGB series. The 
 eccentricity-scale power present in the MS and 
RGB series at Ichilula also diminishes within the 
top of the Lower El Molino. At Maragua, the RGB 
series record substantial lower frequency power 
that spanned the entire Lower El Molino, but none 
of it concentrated into particular frequencies.

Only the MS and RGB records at Maragua 
span the Middle and part of the Upper El Mo-
lino. The lower portion of the Middle El Mo-
lino is largely devoid of significant periodicity 
(Fig. 7B), but the top of the Middle El Molino 
and most of the Upper El Molino records signifi-
cant periodicities. Much like the bottom member 
of the Lower El Molino, the RGB series from the 
top of the Middle El Molino records power at 
eccentricity, precessional, and semi-precessional 
periods (Fig. 7F). The MS series, in turn, records 
eccentricity, obliquity, precessional, and semi-
precessional periods (Fig. 9F).

Additional significant periodicities not cor-
responding to predicted orbital periods are ob-
servable at both sites and in both the RGB and 
MS series. Within the Lower El Molino, the 
RGB series at both Ichilula and Maragua record 
roughly 15 k.y. periodicity, although at Ichilula 
it is strongest in the top and at Maragua in the 
bottom. This periodicity also is present in the 
MS series from both sites. A 34 k.y. periodicity 
is present in the MS and RGB data from Ichi-
lula, as well as the Middle El Molino MS data 
from Maragua. The MS series at Ichilula also 
has a significant periodicity of 50 k.y., which 
could correspond to a component of obliquity 
variation. Finally, a 79 k.y. periodicity emerged 
in the Upper El Molino from the RGB series 
at Maragua. Table 2 summarizes all significant 
periodicities by site, proxy, and location within 
the stratigraphy.

DISCUSSION

Stratigraphic Potential Model

The stratigraphic model smoothly interpolates 
potential at both Ichilula and Maragua (Figs. 1A 
and 2C and Figs. 2A and 2C), but the potential 
does not have an exact 1:1 correspondence with 
the stratigraphic heights on bed traces along the 
IC1 and MA2 sections (Figs. 1C and 2C). In both 
cases, the misfit between stratigraphic height and 
potential exhibits two behaviors. The first behav-
ior is a systematic component of the misfit. At 
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Ichilula, this misfit produces a total change of 
20 m between potentials at the beginning and top 
of IC1 relative to their stratigraphic heights over 
a length of 390 m. This roughly 5% offset cor-
responds to the deviation of 0.04 from a slope of 
one in the cross plot between stratigraphic height 
and potential in Figure 1C. At Maragua, the to-
tal offset is just under 40 m over 550 m. The 
second behavior contributing to misfit between 

measured heights and interpolated potentials is 
scatter around the systematic trends.

When measuring a stratigraphic section, if the 
strike and dip always are known exactly, then 
height measurement errors presumably will re-
sult from random mistakes in the positioning 
of and sighting down the Jacob’s staff. These 
mistakes should be zero-mean, since one would 
anticipate that inclining the staff too little would 

be equally likely as inclining it excessively. We 
explain the second type of behavior, the random 
scatter, as resulting from these sorts of measure-
ment mistakes.

Such measurement mistakes, however, 
would not produce the systematic misfits that 
occurred at both Ichilula and Maragua. We 
propose the following explanation for these 
trends: Oftentimes, the strike and dip of bed-

Figure 6. Horizontal black 
line in A–C shows the contact 
between the Lower El Molino 
and the Middle El Molino. (A) 
Drone derived red, green, and 
blue (RGB) time series at Ichi-
lula taken from data in the re-
gion shown in Figure  1A. The 
prewhitened time series is also 
shown. (B) Sea level curve of 
Kominz et al. (2008). The dots 
show the series without esti-
mated lowstands, while the 
line shows sea level during esti-
mated. (C) Spectrogram of the 
prewhitened time series; y-axis 
is shared with A. (D) Power 
spectral density estimate (PSD) 
of the interval I of the RGB 
time series above, demonstrat-
ing eccentricity, precessional, 
and semi-precessional period-
icity in the bottom of the Lower 
El Molino. (E) PSD of interval 
II of the RGB time series above, 
which demonstrates obliquity 
and semi-precessional period-
icity in the top of the Lower El 
Molino.
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Figure 7. Horizontal black lines 
in A–C show the contacts be-
tween the Lower and Middle 
El Molino and the Middle and 
Upper El Molino. (A) Drone 
derived red, green, and blue 
(RGB) time series at Mara-
gua taken from data in the re-
gion shown in Figure  2A. The 
prewhitened time series also 
is shown. (B) Sea level curve 
of Kominz et  al. (2008). The 
dots show the series without 
estimated lowstands, while the 
line shows sea level during es-
timated. (C) Spectrogram of 
the prewhitened time series; 
y-axis is shared with A. (D) 
Power spectral density esti-
mate (PSD) of interval I of the 
RGB time series above, which 
demonstrates precessional and 
semi-precessional periodicity 
in the bottom of the Lower El 
Molino, as well as a periodicity 
of roughly 57 k.y. (E) PSD of in-
terval II of the RGB time series 
above, demonstrating obliquity 
and semi-precessional periodic-
ity in the top of the Lower El 
Molino. (F) PSD of interval III 
of the RGB time series above, 
demonstrating eccentricity, pre-
cessional, and semi-precessional 
periodicity in the top of the 
Lower El Molino. Periodicity is 
also present at a period of 79 k.y.
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into the time domain (green) using the age model for Ichilula in Figure 3 compared with the prewhitened version of the same series (black). 
(C) Sea level curve of Kominz et al. (2008). The dots show the series without estimated lowstands, while the line shows sea level during 
estimated lowstands. (D) Spectrogram of the prewhitened time series in B; y-axis in time is shared with B. (E) Comparison of the spectra 
computed from the MS series in stratigraphic height (blue) and potential (red). The presence of peaks in the potential domain spectrum ab-
sent from the height domain spectrum indicates that the potential model provides a better coordinate than stratigraphic height for spacing 
the MS samples. (F) Power spectral density (PSD) estimate of the prewhitened time series with peaks demonstrating power at eccentricity, 
obliquity, precessional, and semi-precessional periods.
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Figure 8. (A) Measurements of magnetic susceptibility (MS) versus stratigraphic height as measured in the field (blue) compared to the 
same measurements interpolated to the potential domain (red) via the curve in Figure 1C. (B) Normalized MS measurements interpolated 
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Figure 9. (A) Measurements of magnetic susceptibility (MS) versus stratigraphic height as measured in the field (blue) compared to the 
same measurements interpolated to the potential domain (red) via the curve in Figure 2B. (B) Normalized MS measurements interpolated 
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ding are not  exactly known. For example, we 
can consider the case within the portion of 
section MA2 from 200 m to 550 m, where 
roughly 30 m of difference between the po-
tential model and stratigraphic height accu-
mulates. We covered a horizontal distance of 
∼1 km measuring this portion of the section. 
For a true stratigraphic thickness of 320 m, as 
indicated by the stratigraphic potential model, 
this distance corresponds to an average dip 
of 18.7°, whereas a true stratigraphic thick-
ness of 350 m, as indicated by our measure-
ments of stratigraphic height, would mean an 
average dip of 20.5°. Thus, consistent over-
estimation of <2° in dip would produce the 
30 m of excess stratigraphic height. Dips at 
Maragua shallow as the section progresses, 
and shallow dips are more difficult to sight 
accurately through a clinometer across topog-
raphy. Our failure to accurately account for 
the shallowing dip while measuring section 
could account for the discrepancy between the 
stratigraphic model and our measured heights 
at Maragua. At Ichilula, each change in the 
systematic error occurs at a crossing of the 

gully while measuring IC1. These gully cross-
ings required reestablishment of the bedding 
attitude, at which point it is likely that we 
continued measuring section with biased dips.

The stratigraphic potential model, when 
used to transform the spatial coordinate of the 
MS data, produces spectra with sharper peaks 
than the spectra corresponding to the strati-
graphic height coordinate, especially at Ichilula 
(Fig. 8E). These better-defined peaks correspond 
to orbital periods when the age model is taken 
into account (Fig. 8F). Finally, significant peri-
odicities are detected in the drone derived RGB 
data when we use the stratigraphic model to 
generate spatial coordinates for the point cloud 
(Figs. 5 and 6). We conclude that the stratigraph-
ic potential model generates a useful quantitative 
representation of the stratigraphy, and further-
more that the potential model outperforms our 
traditional field measurements of stratigraphic 
height. Thus, while measured sections remain 
indispensable for understanding facies and envi-
ronmental change, stratigraphic modeling pro-
vides a more accurate quantitative framework for 
interacting with the geologic record.

Age Model and Sediment Accumulation 
Rates

At Maragua, age dispersion in the dated grains 
required us to interpret the youngest grain as a 
maximum depositional age. At Ichilula, howev-
er, samples IC13 and IC22, which bookend the 
Lower El Molino, contain grains whose overlap-
ping age distributions enable a reasonable deter-
mination of a more precise weighted mean age. 
Nevertheless, a youngest grain maximum depo-
sitional age interpretation also is valid for both 
samples, since it is possible that the analytical 
uncertainty disguises distinct zircon populations 
from which we must be content with the young-
est. This interpretation for samples IC13 and 
IC22 only shifts the sedimentation curve toward 
younger ages by roughly 75 k.y., preserving an 
average sedimentation rate of 73 m my–1 at Ichi-
lula (Fig. S13; see footnote 1).

The U-Pb age model at Ichilula provides 
evidence for constant sedimentation throughout 
the Lower El Molino (Fig. 3). The linearity is 
tested by sample IC12, whose single grain age 
provides a maximum depositional age. Nonethe-
less, the age falls well within its 2σ uncertainty 
on the line of constant sedimentation connect-
ing samples IC22 and IC13 (Fig. 3). Proceeding 
under the assumption of constant sedimenta-
tion at orbital time scales, we conclude that the 
proxy signals of the Lower El Molino should not 
 require tuning.

The previous age models for the deposition 
of the El Molino proposed sedimentation last-
ing 8 m.y. (73–65 Ma) (Rouchy et  al., 1993), 
13 m.y. (73–60 Ma) (Sempere et al., 1997), and 
20 m.y. (Camoin et al., 1997). Our geochronol-
ogy at Ichilula predicts an age of the Chaunaca–
El Molino contact of 73.21 ± 0.08 Ma, which is 
within uncertainty of the 40Ar/39Ar age reported 
by Sempere et al. (1997) 20 m above the contact. 
Using this age for the contact and the age from 
MA2 485.17, a linear extrapolation at Maragua 
produces an estimate of 64.20 ± 0.30 Ma as the 
age of the El Molino–Santa Lucia contact. Thus, 
we estimate that deposition of the whole El Mo-
lino occurred over 9 m.y.

We also propose the following ages for the 
contacts between the various members of the El 
Molino Formation. We identified the Lower–
Middle El Molino contact at 170.3 m in MA2 

into the time domain (green) using the age model for Maragua in Figure 3 compared with the prewhitened version of the same series 
(black). (C) Sea level curve of Kominz et al. (2008). The dots show the series without estimated lowstands, while the line shows sea level 
during estimated lowstands. (D) Spectrogram of the prewhitened time series in B; y-axis in time is shared with B. (E) Comparison of the 
Lomb-Scargle spectra computed from the MS series in stratigraphic height (blue) and potential (red). As in Figure 7, the presence of peaks 
in the potential domain spectrum absent from the height domain spectrum indicates that the potential model provides a better coordinate 
than stratigraphic height for spacing the MS samples. (F) Lomb-Scargle power spectral density (PSD) estimates from the time domain with 
peaks demonstrating power at eccentricity, obliquity, precessional, and semi-precessional periods.

TABLE 2. OBSERVED PERIODICITIES

Ichilula Maragua

RGB MS RGB MS

Eccentricity
Lower El Molino, bottom 116 * 89 - -
Lower El Molino, top - - - 108, 127
Middle El Molino, bottom N.A.† N.A. - N.A.
Middle El Molino, top N.A. N.A. - 133
Obliquity
Lower El Molino, bottom - 50 - -
Lower El Molino, top 36 41 36 -
Middle El Molino, bottom N.A. N.A. - N.A.
Middle El Molino, top N.A. N.A. - 42
Precession
Lower El Molino, bottom 24 20, 23 21 -
Lower El Molino, top - 20, 23 - 17, 20, 27
Middle El Molino, bottom N.A. N.A. - N.A
Middle El Molino, top N.A. N.A. 21 19, 23
Semi-precession
Lower El Molino, bottom 9, 11 8, 9, 10 8, 9 -
Lower El Molino, top 10 8, 9, 10 9, 12 12
Middle El Molino, bottom N.A. N.A. - N.A.
Middle El Molino, top N.A. N.A. 8, 10, 12 8
Other
Lower El Molino, bottom 34 15, 34 7, 15 -
Lower El Molino, top 15 15, 34 - 14
Middle El Molino, bottom N.A. N.A. - N.A.
Middle El Molino, top N.A. N.A. 14, 76 14, 50, 34

Note: Significant periodicities from proxy data within uncertainties of the predicted durations of orbital 
forcings during the Late Cretaceous. RGB refers to the series constructed from the drone imagery, and MS 
refers to the series of magnetic susceptibility measurements. Other significant periodicities not corresponding 
to the major orbital forcings are listed in the final column.

*All periodicities are given in k.y.
†N.A. refers to intervals of the stratigraphy not present at the given site or proxy.
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and 317.4 m in IC1. At Ichilula, this corresponds 
to a linearly interpolated age of 69.20 ± 0.13 Ma 
between samples IC22 and IC13. At Maragua, 
this contact interpolates to 69.20 ± 0.44 Ma, be-
tween the 40Ar/39Ar age and U-Pb age MA 485. 
Interpolating instead between the age of the 
Chaunaca–El Molino contact from El Molino 
and MA2 485, the contact is 69.17 ± 0.14 Ma. 
These estimates all overlap within uncertainty, 
demonstrating a synchronicity of the Lower to 
Middle El Molino transition at both sites. The 
Middle–Upper El Molino contact occurs only 
at Maragua in our measured sections at 576 m, 
the very top of MA2. Extrapolating upward 
with a constant sedimentation rate constrained 
by the ages of the Chaunaca–El Molino con-
tact, the MA2 485 sample results in an age of 
65.87 ± 0.25 Ma. From the obliquity-scale peri-
odicity from the MS series in the top of the Mid-
dle El Molino, the sedimentation rate is closer to 
107 m my–1. Upwards extrapolation from MA2 
485 with this rate results in a slightly younger 
age of 65.73 ± 0.22 Ma. These results are sum-
marized in Table 3.

The corresponding sedimentation rates at 
Ichilula and Maragua fall within the slower end 
of the range of previously estimated rates of 
60–380 m my–1 (Sempere, 1994), and the 50% 
larger rate at Maragua indicates some lateral 
variability in accommodation space and sedi-
ment supply.

Facies Model and Sequence Interpretation

The ambiguity between emergent floodplain 
and deep lacustrine fine-grained siliciclastics of-
ten complicates the assignment of fine-grained 
sequences to either facies. However, the lack of 
mudcracks, thick scouring sand bodies, and ra-
vinement surfaces within the mudstones/shales, 
as well as the general scarcity of paleosol indi-
cators, led us to conclude that most of the fine-
grained siliciclastics correspond to the open 
lacustrine facies. For this reason, we interpret 
most of the lithological variability of the Lower 
and Upper El Molino at Ichilula and Maragua 
as resulting from oscillations between open and 

marginal lacustrine facies, with carbonates re-
cording shallower lake levels and mudstones/
shales recording deeper lake levels.

Even if a larger proportion of fine-grained si-
liciclastics are terrestrial in origin, any orbitally 
driven sedimentary periodicity between carbon-
ates and siliciclastics would remain unaffected. 
That is to say, the phase of carbonate to silici-
clastic sedimentation would change depending 
on whether facies oscillated between open and 
marginal, marginal and floodplain, or all three, 
but the periodicity of these oscillations would 
still correspond to the orbital periodicity.

Proxy Signals

The RGB time series at both sites, as discussed 
previously, record primarily the  alternation be-
tween carbonate and fine-grained siliciclastics. 
Given that individual beds can be traced with 
constant thickness over distances of 5–10 km at 
both sites, we interpret these lithological oscil-
lations as lateral facies movements in a broad, 
flat basin primarily in response to changing 
 water depth.

The MS series (Figs. 7A and 8A), on the other 
hand, record the compositional variability of the 
more abundant shales and mudstones. Magnetic 
susceptibility typically is interpreted as measur-
ing the abundances of hematite and magnetite 
in geologic materials. Connecting variations 
of these minerals to changes in paleoclimate 
depends strongly on the system under consid-
eration. In the Potosí Basin, we propose the fol-
lowing model for fine grained predominantly 
siliciclastic sedimentation in the open lacus-
trine facies. Periods of local humidity increased 
river output, raising lake level and increasing 
siliciclastic sedimentation relative to carbonate 
sedimentation. These fluvial sediments would 
contain iron oxides, so their increased propor-
tion explains the higher MS values. Periods of 
local aridity decreased fluvial output and low-
ered lake level, permitting greater carbonate 
sedimentation, and thereby decreasing the ratio 
of iron oxides in the fine-grained open lacustrine 
facies. An analogous model has been elaborated 

by Ellwood et al. (2000) for MS measurements 
of sediments in marine carbonate basins.

Spectral Analysis

We now present hypotheses coupling results 
of spectral analysis with our model of sedimen-
tation to explain the nature of orbital forcing 
recorded by the RGB and MS series from both 
Ichilula and Maragua. Next we discuss the im-
plications of this analysis for possible glacioeu-
static oscillations in the Late Cretaceous.

Lower El Molino
Progressing stratigraphically, the orbital pe-

riods dominant in the bottom of the Lower El 
Molino are precession (18–23 k.y.), semi-preces-
sion (9–11.5 k.y.), and eccentricity (95, 125 k.y.) 
(Figs. 5–8; Table 2). Given its paleolatitude of 
∼23–25°S, these forcings match those predicted 
to force the hydrology of low latitude systems 
(Clement et al., 2004; Laepple and Lohmann, 
2009). Semi-precession refers to the fact that at 
latitudes near the equator, the insolation forcing 
of precession is effectively duplicated over one 
precessional cycle. Semi-precession then forces 
tropical temperatures (Laepple and Lohmann, 
2009), which, when coupled with the changing 
interhemispheric temperature gradient gener-
ated by precessional variation, guides the av-
erage position of the intertropical convergence 
zone (ITCZ) and its associated rainfall (Clement 
et al., 2004). During the Late Cretaceous, most 
of the South American mainland drained to the 
west (Hoorn et al., 1995; Potter, 1997), provid-
ing water to the north-south running string of 
foreland basins along the western edge of the 
continent, of which the Potosí Basin was one 
(Sempere, 1994). Thus, the hydrology of these 
basins, which were frequently in contact with 
each other (Sempere, 1994), would have been 
sensitive to rainfall over the bulk of the conti-
nent, which is largely controlled by the ITCZ. 
Orbitally driven changes in the long-term posi-
tion and intensity of the ITCZ then would have 
forced the hydrology of the basin. This depen-
dence on the tropical extent of its catchment 

TABLE 3. EL MOLINO CONTACT AGES

Contact Location Strat. height 
(m)

Strat. potential 
(m)

Age 
(Ma)

Age, 1-std 
(Ma)

Method

Chaunaca–El Molino Ichilula N.A. –80 73.21 0.04 Linear interpolation downwards using IC13, IC22 as ages.
Lower–Middle El Molino Ichilula 317 214 69.20 0.06 Linear interpolation between IC22 and IC13 (not using IC12)
Lower–Middle El Molino Maragua 170 221 69.20 0.22 Linear interpolation between Ar/Ar* and MA2 485.17
Lower–Middle El Molino Maragua 170 221 69.17 0.07 Linear interpolation between age of Chaunaca–El Molino contact 

(from Ichilula) and MA2 485.17
Middle–Upper El Molino Maragua 576 596 65.87 0.12 Linear interpolation between age of Chaunaca–El Molino contact 

(from Ichilula) and MA485
Middle–Upper El Molino Maragua 576 596 65.73 0.11 Sed rate from astrochronology extrapolated upwards from MA485.
El Molino–Santa Lucia Maragua 775 786 64.20 0.15 Linear extrapolation with age of Chaunaca–El Molino contact (from 

Ichilula) and MA485

Notes: Summary of contact age estimates from both Ichilula and Maragua are on the basis of our reported U-Pb ages and astrochronology.
*40Ar/39Ar age from Sempere (1997).

Downloaded from https://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35189.1/4933624/b35189.pdf
by Princeton University user
on 03 February 2020



Orbital forcing of the Potosí Basin

 Geological Society of America Bulletin, v. 130, no. XX/XX 17

 explains the basin’s sensitivity to precession and 
semi-precession despite the sub-tropical latitude 
of the Potosí Basin. Eccentricity also is present 
because it directly modulates the strength of 
precessional forcing (i.e., during periods of low 
eccentricity, precession has no impact on Earth’s 
radiation budget, and vice versa). Thus, during 
deposition of the early Lower El Molino, we 
interpret from the spectra of the RGB and MS 
series that both lake level and fluvial input of 
iron oxide bearing sediments from the northern 
extent of the basin’s catchment were controlled 
by the regional hydrology, driven predominantly 
by precession and semi-precession.

The transition to a new depositional domain, 
however, is marked by the emergence of sig-
nificant obliquity periodicity in MS at Ichilula 
around 70.8 Ma (Fig. 8C) and in RGB at both 
Ichilula and Maragua around 70.4 Ma. The si-
multaneous presence of obliquity and semi-pre-
cession, but not precession, in the RGB series at 
both sites requires careful consideration.

One possible explanation for the presence of 
obliquity scale variation in sedimentation would 
be the establishment of low-latitude climate sen-
sitivity to obliquity, whereby obliquity became 
capable of forcing the basin’s hydrology suffi-
ciently to generate significant changes in lake 
level. A major difficulty with this explanation is 
the absence of precessional power despite semi-
precessional power in the RGB series at both 
sites: In addition to providing a mechanism for 
the amplification of obliquity forcing at low lati-
tudes, we also must explain why precession, but 
not semi-precession, diminishes significantly 
in its forcing of lake level. Instead, we explain 
how these observations are consistent with the 
strengthening of a connection between the Po-
tosí Basin and marine waters, which in turn were 
undergoing obliquity-driven eustatic oscillation.

Given the alternation of strata containing ma-
rine and continental species (Gayet et al., 1993; 
Sempere et al., 1997), frequent oscillations be-
tween marine connection and continental lacus-
trine conditions occurred during deposition of 
the Lower and Upper El Molino. We then pro-
pose the following model for sedimentation. To 
begin with, we suggest that, while brief marine 
connections occurred previously, more substan-
tial interactions with marine waters began to oc-
cur around 70.4 Ma, which is when we observe 
the emergence of obliquity periodicity in the 
RGB series. This time corresponds to a marine 
transgression reported by Kominz et al. (2008). 
Prior to 70.4 Ma, lake level in the basin would 
have depended entirely on local hydrology, as 
described above. With a marine connection, how-
ever, eustasy dictated lake level. We tentatively 
suggest that sea level, in turn, was oscillating in 
response to obliquity, which was forcing nascent 

continental ice sheets on Antarctica. Periods of 
high obliquity maintained high sea levels by pre-
venting the accumulation of continental ice, thus 
preserving the marine connection to the basin. 
Periods of low obliquity, however, allowed for 
the accumulation of ice, possibly lowering sea 
level sufficiently to separate the basin from the 
ocean. Basin hydrology then would behave as it 
did during the deposition of the early Lower El 
Molino, with lake level controlled by precession 
and semi-precession. The duration of the separa-
tion of the basin from the ocean likely would be 
around or less than half of an obliquity cycle, due 
to the asymmetry in the rates of ice sheet growth 
and decay. Thus, lake level only would have time 
to respond to semi-precession and not precession 
before sea levels rose again in response to the 
completion of an obliquity cycle. For this reason, 
only obliquity and semi-precession appear in the 
RGB series at both sites.

The MS series, on the other hand, record pre-
cessional forcing into the deposition of the top of 
the Lower El Molino (Figs. 8 and 9). The persis-
tence of precessional forcing in these series can 
be explained by recalling that the mechanism of 
runoff into the lake is independent of lake level 
in the case that a marine connection exists with 
the basin. Thus, periods of local humidity, driven 
by precessional variation, would still determine 
the relative fluxes of fine-grained siliciclastic and 
carbonate deposition in the basin, even though 
lake level itself would still be dominated by eu-
stasy. The presence of obliquity in the MS se-
ries (Middle El Molino at Maragua, Lower El 
Molino at Ichilula) also indicates that obliquity 
contributed to pacing the sedimentation of fine-
grained siliciclastic material in the basin. Since 
obliquity forcing is absent from the RGB series 
for periods when the basin was disconnected 
from marine influence, we conclude that obliq-
uity did not force basin hydrology sufficiently to 
produce changes in lake level that caused facies 
transitions. Thus, the simultaneous presence of 
obliquity within the MS series and absence from 
the RGB series during periods without marine 
connection indicates that while regional hydrol-
ogy was sensitive to obliquity, lake level was not.

A possible explanation is that periods of 
obliquity-forced increased rainfall also cor-
responded to increased evaporation within the 
basin, which would increase siliciclastic sedi-
mentation relative to carbonate sedimentation 
without affecting lake level. During the ice ages 
of the Pleistocene, which mostly have been driv-
en by obliquity, glacial intervals produced arid 
conditions in the tropics and humid conditions 
in the subtropics (e.g., Thompson et al., 2000). 
Given that evaporation in the Potosí basin was 
sensitive to subtropical climate while runoff into 
the basin was sensitive to tropical climate, let us 

consider a similar sort of climate response forced 
by obliquity during the Late Cretaceous. That is, 
periods of topical aridity would occur simulta-
neously with subtropical humidity, meaning 
that the Potosí Basin would have received less 
runoff from the lower latitude regions, resulting 
in lower MS values, but would have received 
more moisture directly from precipitation in the 
subtropics. Periods of tropical humidity would 
have produced more runoff, increasing MS val-
ues, and higher aridity in the subtropics would 
serve to maintain a constant lake level through 
increased evaporation. In this way, tropical and 
subtropical sensitivity to obliquity would drive 
a response in MS without necessarily affecting 
basin water depth, explaining our observed peri-
odicities. Whether or not obliquity-scale alterna-
tions between subtropical and tropical humidity 
were driven by obliquity-forced oscillations in a 
small Antarctic ice sheet cannot be shown con-
clusively from our data, but such an interpreta-
tion is consistent with glacial climate dynamics 
during the Pleistocene.

Implicit in our proposal of obliquity-driven eu-
static oscillation as the mechanism for lake-level 
change during periods of marine connection is 
the assumption that obliquity would primarily 
pace the growth and decline of small Antarctic 
ice sheets. Precession, however, contributes sig-
nificantly to insolation variation at high latitudes, 
which has been hypothesized to drive ice sheet 
growth or ablation in each hemisphere (Raymo 
et  al., 2006). Given that ice would have been 
present only in the southern hemisphere, the 
lack of northern hemisphere ice to cancel the 
out- of-phase interhemispheric responses to pre-
cession would result in a precessional eustatic 
response; yet, it is precisely precessional forc-
ing that is lacking from the interval of proposed 
marine influence in the Potosí Basin. For this 
reason, we favor the integrated summer forcing 
hypothesis of Huybers (2006), who argues that 
the annual sum of positive degree days at high 
latitudes dictates net ablation. This sum is pro-
portional to the number of days above a thresh-
old insolation forcing at a given latitude, which 
for the Early Pleistocene Huybers (2006) sets at 
275 W m–2. For cooler climates, such as those of 
the Late Pleistocene, the threshold insolation to 
result in ablation is larger, since more radiative 
input is necessary to produce a positive degree 
day that will generate melting. For larger thresh-
olds, the sum of positive degree days varies both 
on obliquity and precessional timescales (Huy-
bers, 2006, 2011). However, for the lower insola-
tion thresholds necessary to result in a positive 
degree day during warmer climates, the sum of 
positive degree days varies almost entirely on 
obliquity timescales (Huybers, 2006). Assuming 
that the Late Cretaceous was warmer than both 
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the Early and Late Pleistocene, we would expect 
that high-latitude accumulation and ablation of 
ice would vary with obliquity. This result has 
been modeled by DeConto and Pollard (2003), 
who demonstrated obliquity scale variability of 
a coupled climate-ice sheet model, albeit for an 
assumed initiation of Antarctic ice sheet forma-
tion at 34 Ma. Thus, we conclude that obliquity 
would have exerted greatest control over Late 
Cretaceous Antarctic ice sheet dynamics and 
thereby glacioeustatic oscillations.

Middle–Upper El Molino
The aperiodicity of the bottom of the Mid-

dle El Molino recorded by the RGB series at 
Maragua can be explained by the dominance of 
siliciclastic input in that portion of the stratig-
raphy, observed both at Ichilula and Maragua. 
This input subdued the carbonate–mud parase-
quences of the Lower El Molino and reduced 
the frequency of facies transitions observable in 
the RGB series. Furthermore, this portion of the 
stratigraphy at Maragua was the most affected 
by vegetation, contributing substantial noise to 
the RGB series and complicating the detection 
of periodicity. Measurements of MS from this 
portion of the stratigraphy would be required to 
determine if periodic sedimentation actually per-
sisted into the bottom Middle El Molino.

The presence of periodic sedimentation re-
corded by the MS and RGB series within the 
top Middle El Molino at Maragua indicates 
renewed sensitivity to orbital forcing of local 
precipitation and weathering. The similarity 
of the bottom of the Lower El Molino and the 
top Middle–bottom Upper El Molino suggests 
that lake level was once more sensitive to  local 
hydrology rather than sea level (Fig. 7D), since 
obliquity forcing is absent from the RGB se-
ries while precession and semi-precession are 
present. Obliquity-scale forcing is, however, 
present in the MS series, again suggesting that 
local runoff of oxide-bearing siliciclastic sedi-
ments was responsive to obliquity forcing but 
that changes in runoff did not affect lake level. 
Only the RGB series at Maragua spans the Up-
per El Molino, where periodicity diminishes 
and power remains mostly around 50 k.y. This 
power visually appears to be the continuation of 
an upward curving feature in the spectrogram in 
Figure 7B, which is consistent with sedimenta-
tion rates slowing during deposition of the  Upper 
El Molino. This observation could mean that the 
power around 76 k.y. in Figure 7F actually cor-
responds to 95 k.y. eccentricity. Slowing sedi-
mentation also would explain the slightly shorter 
periods we observed in the MS data (i.e., 35 k.y. 
instead of 38 k.y. obliquity, and 8 k.y. instead of 
9–11.5 k.y. semi-precession). Slowing sedimen-
tation previously has been suggested (Camoin 

et al., 1997; Sempere et al., 1997), but given that 
our uppermost age constraint MA2 485.17 is at 
66.58 ± 0.22 Ma, we have no independent test 
of this hypothesis.

Comparison with Other Records

We now discuss periodicities presented from 
other Late Cretaceous cyclostratigraphies as 
well as their bearing on the hypothesis of Late 
Cretaceous Antarctic glaciation. The terrestrial 
record of the Songliao Basin provides a system 
like that of the Potosí Basin but lacking regu-
lar marine connections. Wu et al. (2014) report 
many of the same periodicities that we observed 
in the Potosí Basin within the Mingshui For-
mation, which overlaps the El Molino. Within 
 series of thorium logs, they report long and short 
eccentricity, 50 k.y. and 38 k.y. obliquity, and 
precession. In the power spectrum of obliquity 
variation, the 50 k.y. of obliquity contributes 10 
times less the variance of the 38 k.y. component, 
yet we, like Wu et al. (2014), detect significant 
50 k.y. periodicity in the MS series of Ichilula 
(Lower El Molino). Wu et al. (2014) addition-
ally observe periodicities of 65 k.y., 30 k.y., and 
15 k.y. not corresponding to well-known orbital 
forcings. We also observed 15 k.y. periodicity 
but not 30 k.y. or 65 k.y. periodicity. Precessional 
power at roughly 15 k.y. periods was predicted 
by Laskar (2011), but it is well over an order of 
magnitude smaller than the power at the 23 k.y., 
22 k.y., and 18.5 k.y. periods (Fig. S15).

From the Western Interior Basin (WIB), 
Locklair and Sageman (2008) report the influ-
ence of eccentricity, obliquity, and precession 
orbital in the marine Niobrara Formation, which 
does not extend into the Maastrichtian. They do 
not observe 50 k.y. obliquity, and neither do they 
report 15 k.y. periodicity, although the spectrum 
in their Figure 7A does appear to contain a peak 
at 15 k.y., providing further evidence for this 
unpredicted periodicity. Given the occurrence of 
14–15 k.y. periodicity within the Songliao Basin 
and both proxies within the Potosí Basin, this 
signal seems to capture a robust feature of cli-
mate variability during the Maastrichtian, which 
merits future attention.

The marine cyclostratigraphies from the WIB 
(Locklair and Sageman, 2008), Basque Basin 
(Batenburg et al., 2012, 2014), and Cretaceous 
ocean cores (Husson et al., 2011) could yield 
records of glacioeustatic variability during the 
Late Cretaceous. However, each of these stud-
ies reports proxy measurements that are inter-
preted to record periodically varying dilution 
of background carbonate sedimentation by ter-
rigenous inputs. Thus, these proxies effectively 
record local hydrologic variability, which cannot 
easily be leveraged to support or challenge the 

hypothetical presence of an Antarctic ice sheet. 
However, significant changes in the nature of ob-
served orbital forcing attributable to changes in 
global climate dynamics (as opposed to chang-
ing basin architecture, latitude, etc.) could, with 
further argument, be evidence for the fluctuation 
of high-latitude ice sheets. None of these authors 
comment on such changes, and only Batenburg 
et al. (2012) engage with the hypothesis of Late 
Cretaceous cooling, claiming that the absence of 
obliquity-scale periodicity in their proxies ren-
ders glacioeustatic forcing unlikely. However, 
the absence of obliquity-scale forcing seems ex-
pected given the relatively low paleolatitude (35° 
N) of the Basque Basin, where mostly precession 
and eccentricity should dominate the forcing of 
local runoff (Laepple and Lohmann, 2009).

CONCLUSIONS

We have presented a new methodology for 
incorporating drone imagery into stratigraphic 
analysis through the implementation of a quan-
titative stratigraphic model. Using the above 
model, we generated signals of cyclic sedimen-
tation from drone imagery, which captured the 
parasequences of carbonates and siliciclastic 
mudstones. We interpret the oscillation between 
these lithologies as changes in facies tied directly 
to changes in lake level. We also generated sig-
nals from measurements of magnetic suscepti-
bility taken from the fine-grained siliciclastics. 
These measurements we interpret as recording 
local hydrology, with humid periods increasing 
the ratio of fine-grained siliciclastic (including 
iron oxides) to carbonate material, increasing 
MS, and vice-versa. Spectral analysis of the 
drone imagery and measurements of magnetic 
susceptibility demonstrate significant sedimen-
tary periodicity in both study areas and proxies 
during deposition of the Lower El Molino and 
top of the Middle El Molino–bottom of the Up-
per El Molino. We find that converting the spa-
tial coordinates of the MS series from measured 
stratigraphic height to modeled stratigraphic 
potential improves the resolution of spectral 
peaks within the MS series, suggesting that the 
stratigraphic model produces a more accurate 
representation of the stratigraphies than our 
measured heights.

We present four new U-Pb CA–ID–TIMS 
ages that constrain radiometric age models at 
both sites, and the corresponding sedimenta-
tion rates (without tuning) demonstrate that 
sedimentary periodicity corresponds to bands of 
hypothesized orbital forcings in the Potosí Basin 
in all proxy data, specifically 95 k.y. and 125 k.y. 
short eccentricity, 38 k.y. obliquity, 18–23 k.y. 
precession, and 10–11 k.y. semi-precession. Fur-
thermore, consistent detection of an unpredicted 
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15 k.y. periodicity observed in other cyclostrati-
graphic studies of the Late Cretaceous warrants 
further attention.

Deposition in the basin was predominately 
lacustrine and thus depended only on regional 
hydrology. Given the subtropical paleolatitude 
of the basin and its proximity to the internally 
draining South American mainland, we present 
the following mechanisms for the hydrological 
response of the Potosí Basin to orbital forcing: 
precession drives the southern extent and inten-
sity of precipitation of the ITCZ, where periods 
with austral summer at perihelion increase ba-
sin humidity. This cycle is felt in the tropics as 
a semi-precessional forcing. Given the tropical 
and sub-tropical extent of the basin’s catchment, 
the hydrological input to the basin would vary 
with precession and semi-precession, which then 
drive both lake level and sediment composition. 
This mechanism explains the dominance of pre-
cession, semi-precession, and eccentricity (which 
modulates precession) during most deposition of 
the El Molino. Further testing of this mechanism 
can be performed by general circulation models 
of end-member orbital experiments for a Late 
Cretaceous configuration, which also could test 
the possible impacts of orbital forcing on possible 
El Niño/Southern Oscillation (ENSO)-like vari-
ability and its impact on basin hydrology.

The significant presence of obliquity only 
within the upper part of the Lower El Molino 
is consistent with enhanced marine interac-
tion with the basin, supporting a glacioeustatic 
hypothesis. Eustatic highs resulted in marine 
connections with the basin, while lows sepa-
rated the two, permitting sensitivity to semi-
precessional lake level oscillations that we also 
observe in the RGB series. Thus, our obser-
vations are consistent with and provide novel 
evidence for previous hypotheses of Late Cre-
taceous Antarctic ice as well as the dominance 
of obliquity in pacing high latitude ice sheets 
during relatively warmer periods.

APPENDIX 1. COVARIANCE MODELS FOR 
THE STRATIGRAPHIC MODEL

As suggested by Aug (2004), we take the poten-
tial covariance model to be a cubic function, which is 
twice differentiable (Equation A1).
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In this equation, r is the distance separating two 
points, so this model is isotropic because the cova-
riance only depends on distance, not direction. The 
quantities a and C0 are, respectively, the range and 
sill of the covariance model. The range describes the 
length scale over which covariance exists, and the sill 
quantifies the magnitude of covariance. We do not 
have access to observations of potential, because it is 
precisely this value that we seek to estimate; yet, we 
need access to the above covariance model, which 
amounts to fitting a and C0. We do, however, have 
access to information about the gradients of the po-
tential field, which we measure as strikes and dips 
in the field. Thus, we proceed by using the quanti-
tative relationship between the primary variable of 
potential, which we do not have direct access to, and 
the auxiliary variable of potential gradients, to which 
we do have access. For any general isotropic poten-
tial covariance model CZ(r), these relationships are 
shown below (Lajaunie et al., 1997).
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These equations capture, respectively, the covari-
ance of the x-component of the gradient (Equation 
A2), the cross-covariance of the x- and y-components 
of the gradient (Equation A3), and the cross-covari-
ance of the stratigraphic potential with the x-com-
ponent of the gradient (Equation A4), all in terms of 
the (unknown) potential covariance function. Similar 
relationships can be found for the other components of 
the gradient by simply substituting the appropriate in-
dices. In these equations, hx refers to the x-component 
of the vector between the two locations for which the 
covariance is being computed (likewise for the other 
indices), and we take CZ(r) to be Equation A1. Thus, 
given our observations of strikes and dips, we can fit 
a and C0 to empirical estimates of the covariance and 
cross-covariance functions of the gradients, thereby 
also parameterizing the potential covariance function 
(see supplement). In the case of the cubic potential co-
variance model in Equation A1, the observed sills for 
the empirical gradient covariance functions (Equation 
A2) are related to the sill for the potential covariance as
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Ultimately, the choice of covariance model param-
eters (sill and range) does not significantly impact the 
resulting potential model significantly, as we show in 
the supplement (Fig. S9; see footnote 1).

APPENDIX 2. PRIMAL AND DUAL FORMS 
OF STRATIGRAPHIC MODEL

Primal Form

Kriging as a linear interpolator exhibits two prop-
erties: (1) kriging is a zero bias interpolator, meaning 

that the expectation of the interpolated value is the 
true value, and (2) kriging minimizes the variance 
of the estimation error, meaning that the residuals 
between true and estimated values are minimal (in 
the family of linear interpolators). Cokriging then 
simply refers to a kriging scheme in which multiple, 
correlated variables are leveraged to interpolate the 
value of a primary variable. Achieving the above 
properties naturally requires some knowledge of the 
covariance functions of the variables of interest (de-
scribed in Appendix 1), and minimizing the variance 
of the estimation error produces, for any implementa-
tion of kriging, the linear system shown below in the 
primal form.
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In this system, the matrix on the left captures in sub-
matrix C the covariances and cross-covariances of all 
variables whose linear combinations are included in 
the estimation of the primary variable. Specifically, 
each entry Cij contains an evaluation of the covariance 
model C(r) for two observations i and j separated by 
distance r. In our case, C is further decomposed as 
shown into covariance matrices for the components of 

the gradient data C

C C C

C C C

C C C
G

G G G G G G

G G G G G G

G G G G G G

x x x y x z

y x y y y z

z x z y z z

=















, 

the cross-covariances between the gradient and poten-
tial data CGZ, and the covariance of the potential data 
CZ. The computations of CGZ and CZ must take into 
account, however, the fact that we only have access 
to null-increments of potential, which are bed-traces. 
The matrix CGZ is then more precisely represented 

as C

C C C

C C C
GZ

G I G I G I

G I G I G I

x y z

x p y p z p

=
















1 1 1

� � � , where CG Ix i
 

for instance is the covariance matrix between all the 
x-components of the observed gradients and all inde-
pendent pairs of points on the ith bed trace,

 
C C x x C x xG I ZG u v

i
ZG u

i
x i x x( ) = − − −( )( )u v,

,1

 (A7)

where xu is the location of the uth gradient ob-
servation (i.e., strike and dip), xv

i  is the vth point on 
the ith bed trace, xi

1 is the first point on the ith bed 
trace, and CZGx  is as in Equation A3 (Aug, 2004). 
Similarly, the elements of CZ more precisely cap-
ture the covariance between points on bed traces, 

C

C C

C C
Z

I I I I

I I I I

n

n n n

=














1 1 1

1

�
� � �

�
, where Ii refers to the 

set of points on the ith bed trace. Thus, each element 
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of CI Ii j  is computed between pairs of points on bed 
traces i and j,

 

C C x x C x x
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i j

Z
i j
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,
1

1 1 1 ,,
 (A8)

where xu
i  is the location of the uth point on the ith 

bed trace, xv
j  is the location of the vth point on the 

jth bed trace, and the locations of the first points on 
each bed trace x xi j

1 1, , are held constant, as described 
by Aug (2004).

The sub-matrices UG and UZ contain the evaluation 
of drift functions at all the locations for which there 
are observations of gradients and null increments. 
We select the drift functions to be polynomial up to 
order two. These functions capture broad structure 
in the variation of the gradients and null increments; 
one way to think about the drift functions is that if 
the covariance models exhibited complete ignorance 

(i.e., C r
r

r
( ) =

=
>






σ2 0

0 0

,

,
), then the weights ai, bi, ci, 

djj’ would be zero, so the best estimate of the potential 
would be the evaluation of the drift function. In this 
sense, the drift functions capture the spatially varying 
means of the gradients and null increments.

On the right side of Equation A6, the terms 
capture the covariances of all the gradient and 
bed trace observations with the value to be in-
terpolated at the location of interest. That is, for 
a given location x0 where we want to interpolate 
potential, C C x x C x xG G i G ix y0 0 0= − −[ (|| ||) (|| ||) 

C x xG i
T

z (|| ||)0 − ]  for all gradient observa-
tions i, with C rGx ( ) defined as in Equation A2, 

C C x x C x xZ Z i
k

Z
k

T

0 0 0 1= −( ) − −



( )   for all 

points i ≠ 1 on each bed trace k, and U f xl
T

0 0= [ ]( )  
for all l drift basis functions.

We solve for the weights by inverting the krig-
ing matrix and then multiplying the right hand side 
of Equation A6. In the primal form of the cokriging 
system, the right hand side of the equation changes 
for every point where we wish to interpolate potential, 
requiring us to recompute the weights each time we 
want to interpolate potential, which requires perform-
ing this matrix multiplication at every query location. 
This operation is computationally expensive, and for 
this reason we proceeded with the dual form of the 
cokriging system, which is much cheaper to imple-
ment computationally.

Dual Form

The dual form of universal cokriging utilizes a 
slightly modified form of the interpolator as
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where instead of a linear combination of the record-
ed data, the interpolator uses a linear combination of 

the data covariances and the drift functions to estimate 
a potential value.

The corresponding universal cokriging system is 
modified as shown in Equation A10, where the covari-
ance, cross-covariance, and drift matrices are defined 
as in the primal system, but instead of solving the lin-
ear equations for [ ]C C UG Z

T
0 0 0 , we solve for 

[ ]G T0 0 , where G G G Gx y z
T= [ ]  contains 

the components of all the observed gradient data.
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Thus, the dual form of the cokriging system explic-
itly imposes the requirement that the interpolator be 
exact at the locations where gradients are measured, 
as well as where the potential increments are null (cor-
responding to the zero second entry on the right hand 
side of Equation A10). The final zero entry in the vec-
tor on the right hand side of Equation A10 enforces the 
slightly modified universality conditions for the dual 
form, which are imposed on the drift basis functions 
(Matheron, 1971).

The advantage of the dual form lies in the fact that 
the weights ai, bi, ci, djj’, el are solved for only once 
and are constant for a given set of input data. Thus, 
the O((3m + n + k)2) matrix multiplication operation is 
performed only once to compute the weights, and in-
terpolating potential at any desired point only requires 
solving the O(3m + n + k) operations in Equation A9.

APPENDIX 3. PREWHITENING

All time series were prewhitened according to the 
scheme outlined by Percival and Walden (1993). This 
scheme assumes an autoregressive process for the 
data generation, where each observation Xt in the time 
series depends on the p prior observations according 
to coefficients ϕ1 · · · ϕp, plus an innovation term Wt, 
which is drawn from a zero-mean IID distribution, i.e., 
a “white” process.

 X X X Wt t p t p t= + + +− −φ φ1 1 � . (A11)

Prewhitening amounts to recovering the implicitly 
defined Wt by rearranging Equation A11 as shown in 
Equation A12.

 W X X Xt t t p t p= − − −− −φ φ1 1 � . (A12)

Because the Wt are drawn from a white process, this 
series is called the prewhitened series. Recovering the 
prewhitened series, however, requires estimation of 
the autoregressive coefficients. Several algorithms ex-
ist that perform this estimation directly from the time 
series Xt, such as the Yule-Walker method or the Burg 
estimator. We proceeded instead by working in the fre-
quency domain and fitting AR(p) spectra to the empiri-
cal spectra of the time series of interest. The theoretical 
spectrum for an AR(p) process is shown in Equation 
A13 (Percival and Walden, 1993),

 

S f
t

e

p

j
p

j
i fj t

( ) =
− =

−

σ

φ π

2

1
2 2

1

∆

Σ ∆
,

 

(A13)

where σ p
2 is the variance of the process generating 

the Wt, and Δt is the sampling interval. This equation 
is valid for a stationary process, which in turn requires 
that the roots of 1 01− ==Σ j

p
j

jzφ  are outside of the 
unit circle in the complex plane. We implemented an 
optimization scheme using fmincon() in Matlab and 
minimizing the objective function shown in Equation 
A14 and subject to the above constraint,
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where ˆ( )S f�  is the observed spectral density for a 
given frequency from the time series of interest, and 
wf is a weight applied to the given frequency. We chose 
to minimize the difference in logarithm of the spec-
tral density values so as not to bias our estimate of 
the background spectrum by spectral peaks that might 
correspond to orbital forcings; for this reason, we also 
chose absolute rather than squared error. As weights, 
we typically chose to weigh all frequencies equally 
(i.e., w ff = ∀1, ), although in some cases we chose 

to use w
f

f = 1
. The resulting values of φ φ σ1

2� p p,  

were typically not sensitive to the choice of wf. Our 
choice of p was entirely heuristic; we chose the small-
est p for which the fitted AR(p) spectrum captured the 
overall structure of the empirical spectrum.

The figures in folder “prewhitening” (see supple-
ment) show the original power spectra corresponding 
to those in Figures 5 and 6 of the manuscript, with 
fitted AR(p) spectra and confidence intervals com-
puted as described in the manuscript. The dynamic 
range of the empirical spectra is quite large, somewhat 
complicating  visualization, which is why we chose to 
prewhiten in the first case. The significance of peaks, 
however, is preserved via prewhitening, so all peaks 
that are significant in Figures 5–6 are also significant 
in the original empirical spectra, at least relative to the 
fitted AR(p) hypotheses.

APPENDIX 4. SIGNIFICANT PERIOD 
UNCERTAINTY ESTIMATION

The computation of the confidence intervals as-
sumed a constant sedimentation rate. We defined the 
uncertainty in frequency by considering the width of a 
spectral peak that exceeded the 95% confidence inter-
val and taking one quarter of that width as the standard 
deviation of that peak. For each temporal frequency, 
we sampled 10,000 instances from a normal distribu-
tion. We then sampled two sets of sedimentation rates, 
each with 10,000 instances, computed via Equation 
A11, where the heights are from the potential model 
with 1σ uncertainties of 0.5 m, except for the 40Ar/39Ar 
age whose 1σ uncertainty we prescribed to be 20 m. 
For the ages, we utilized the uncertainties in Table 1.

 
α = −

−
h h

t t
2 1

2 1

.
 

(A15)

For each of the 10,000 frequencies, we first divided 
by the first set of sedimentation rates, representing an 
uncertain initial mapping from time to space. Then, we 
multiplied by the second set of sedimentation rates to 
recover a posterior set of temporal frequencies, repre-
senting an uncertain mapping from space back to time 
(Equation A16).
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From the resulting normal distribution of temporal 
frequencies, we computed the standard deviation σf 
and then computed the 2σ (95%) confidence intervals 
in period as in Equation A13.
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This approach does not account for uncertainty in-
troduced by “jitter” in variable sedimentation; instead, 
it only accounts for uncertainty in temporal frequencies 
resulting from an uncertain age model and PSD esti-
mates that exhibit power over a range of frequencies.
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