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Abstract 

 

Sediment records from deep-drilling projects such as those carried out by the International Continental 

Scientific Drilling Program (ICDP) are often tens- to hundreds-of-meters in length. To ensure the 

complete recovery of a stratigraphic section, a basin is usually cored multiple times in adjacent holes so 

that gaps between sequential cores, poorly-recovered sections, or intervals affected by disturbance can 

be bridged or replaced with sediments from another hole. Stratigraphic correlation, the alignment of 

stratigraphically-equivalent horizons in cores from different holes in a common-depth scale, and splice 

generation, the integration of the most-representative core sections into a composite-stratigraphic 

section, are essential steps in this process to both evaluate and synthesize the recovered-sediment 

record and focus the scientific analyses. However, these undertakings can be complex and are 

inherently subjective, making the need for the development of a single robust stratigraphic section early 

in the project critical to its success. Despite this, the steps between core recovery and on-splice data 

generation are rarely published in sufficient detail to allow reconstruction, or refinement, of the 

composited record at a later date. To increase the transparency of how the composite record is created, 

and to provide a template for future projects, we detail the step-by-step approaches and decisions 

involved in generating the composite-depth scale and complete-stratigraphic splice following recovery 

of sediments from Lake Junín, Peru. We first explain the details and nuances of different drilling-depth 

scales before describing how we integrated different physical property records to generate the 

composite-depth scale and complete-stratigraphic splice. Here, we show that due to the complex 

stratigraphy in the Lake Junín sediments, high-resolution line-scan images of the cores offer millimeter-

scale precision for construction of the primary-stratigraphic splice at a resolution not afforded by other 

physical-property data. Finally, through comparison of the spliced record to physical-property records 

acquired in-situ on the borehole, we demonstrate that the stratigraphic splice is an accurate 

representation of the sediment accumulated in the Lake Junín basin.  



Author a
cc

ep
ted

 m
an

usc
rip

t

AUTHOR ACCEPTED MANUSCRIPT

© 2019 Springer Nature B.V..

Introduction 

 

Much of our knowledge about the variability in Earth’s natural systems such as  global temperature 

(Zachos et al. 2001; Elderfield et al. 2012), ocean-circulation patterns (Praetorius et al. 2008; Hernández-

Molina et al. 2014), ice-sheet growth and (in)stability (Blake-Mizen et al., 2019; Larsen et al., 1994), 

geomagnetic behavior (Stoner et al. 2013; Channell et al. 2016), and arctic (Melles et al. 2012; Barker et 

al. 2015) and tropical (Herbert et al. 2010; Zhang et al. 2014) climate has been derived from multi-core, 

multi-hole, deep drilling projects such as those carried out by the International Ocean Discovery 

Program (IODP) and International Continental Scientific Drilling Program (ICDP). The success of these 

programs has resulted from their ability to couple deep-drilling technologies with high rates of sediment 

recovery to generate long-continuous-sediment records. However, the development of a complete- and 

continuous-sedimentary section is not always straightforward. For example, subtle differences in 

sediment accumulation and stratigraphy can result in variability between cores recovered from adjacent 

holes, while coring artifacts, such as incomplete recovery, disturbance, and/or sediment stretching and 

squeezing, can affect the quality of the recovered sediments. Even if these factors are negligible and 

sediment recovery approaches 100%, a continuous stratigraphic record cannot be obtained from a 

single hole due to gaps between successive cores (Ruddiman et al. 1987). The most common approach 

to circumvent these issues is to recover multiple copies of the stratigraphy at a site from several 

different holes and then to combine them to generate a complete- and representative-stratigraphic 

section. This is accomplished via two-main steps: sediments from different holes are first mapped into a 

common-depth scale through correlation of equivalent stratigraphic features, and then the most 

representative sediment sections are spliced together to form a continuous record, or “splice” 

(Ruddiman et al. 1987; Hagelberg et al. 1995). 

 The stratigraphic splice is often considered the best representation of the sediment 

accumulated at any given site. This record is frequently the target for the majority of sample requests 

and is the basis for development of the primary-age model. On IODP expeditions and many ICDP 

projects, an initial composite-depth scale is often generated at sea or in the field to inform drilling 

decisions in real time and to ensure complete recovery of the sequence (Ruddiman et al. 1987). The 

necessity for rapid data acquisition means that these records are usually constructed using physical 

properties, such as magnetic susceptibility (MS), gamma ray attenuation (GRA), and/or natural gamma 

radiation (NGR) measured at relatively-low resolution (centimeter- to decimeter-intervals) acquired on 
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whole (unsplit) core sections. As a result, it is often necessary to revisit, validate, and refine field-

generated-composite-depth records in the laboratory with additional data in order to develop a robust-

stratigraphic splice. For IODP expeditions, the shipboard-stratigraphic correlation and splice for each site 

is detailed in a dedicated sub-chapter in the expedition Proceedings volume, and shore-based revisions, 

which are commonplace in paleoceanographic- and paleoclimatic-focused projects, are frequently 

published in journals or as updates in data reports (Hagelberg et al. 1995; Evans et al. 2004; Wilkens et 

al. 2013; Hatfield 2015; van Peer et al. 2017). In contrast, results from deeply-drilled lake and terrestrial 

projects often go unreported or the existence of a composite section is only briefly acknowledged in 

initial publications before the discussion moves onto the stratigraphy and/or age-model results (Melles 

et al. 2011; Scholz et al. 2011; Litt et al. 2012; Kliem et al. 2013). Moreover, because the generation of 

composite-depth scales and splices are inherently subjective endeavors, a lack of transparency often 

makes it difficult to reconstruct, or if necessary refine, the composite-depth scale and/or splice if issues 

arise at a later date. 

In this manuscript, we focus on detailing the steps taken and issues encountered in producing 

the composite-depth record and stratigraphic splice from Lake Junín, Peru. We adopt an IODP style 

approach to stratigraphic correlational and in many ways the sediments recovered from Lake Junín are 

typical of those recovered during IODP expeditions (e.g., multiple-hole, multiple-core recovery). 

However, as Lake Junin’s stratigraphy is more complex than most marine sediment sequences, and as 

we integrate sediments recovered with four different coring tools (a 3-m-hydraulic-piston corer (HPC), 

an “alien” rotary corer, and Livingstone and surface corers), modifications to the standard IODP 

methodology were required. In detailing this approach, we first outline the aims of the Junín Drilling 

Project and review the terminology used in the generation of a composite depth record and splice. We 

then detail the issues we encountered and the ways we addressed them, the development of the 

composite-depth scale and primary-stratigraphic splice, and discuss the advantages to be gained from 

integrating core images and visual core descriptions into this process. Finally, we use physical-property 

data acquired on the borehole during drilling to validate the complete-stratigraphic splice. These step-

by-step descriptions and modifications will likely benefit future terrestrial and/or lacustrine deep-drilling 

projects and can serve as a template for those endeavors. 

 

Site description 
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Lake Junín (11.03° S, 76.11°W) is a large (300 km2) semi-closed basin 4085 m above sea level in the 

Peruvian Andes (Seltzer et al. 2000; Rodbell et al. 2014) (Fig. 1). Although it has a large-surface area, it is 

relatively shallow (< 15 m water depth) and strongly sensitive to changes in regional water balance 

(precipitation/evaporation) driven by changes in the South American Summer Monsoon and the 

migration of the Intertropical Convergence Zone (Seltzer et al. 2000). Previous shallow coring efforts (< 

20 m recovery) revealed that sediment accumulation in the lake alternates between the influx of clastic 

sediments during glacial periods and accumulations of authigenic calcite during interglacial periods. A 

geophysical site survey in 2011 revealed a potential sediment package >100 m thick that, coupled with 

sedimentation rates of 20–100 cm kyr-1 over the past 50 ka (Wright 1980a), suggested Lake Junín could 

contain a sediment record spanning multiple glacial-interglacial cycles. As a result, the primary objective 

of the Lake Junín drilling project was to generate a long-continuous, high-resolution, and well-dated late 

Quaternary record of climate change for the tropical Andes. 

 

Materials and methods 

 

Coring operations 

 

Eleven holes were cored across three sites in Lake Junín using a 3m HPC in August 2015. Here we focus 

exclusively on the sediments recovered from the five holes cored at Site 1, the longest record recovered 

from the central part of the lake at 8.5 m water depth (Fig. 1). Maximum penetration below lake-floor 

was 103.9 m in Hole A and cores from all holes yield quasi-continuous sediment records (Fig. 2). For the 

majority of operations, the hole was deepened in 3-m-increments irrespective of the length of the 

material recovered in order to better anticipate and cover minor coring gaps by offsetting the depths of 

subsequent holes. However, when recovery was less than 100%, stratigraphic gaps are created in the 

sediment record recovered from an individual hole (e.g. Hole A in Fig. 2). An alternative approach was 

adopted for the last five cores (31H to 35H) retrieved from Hole D (Fig. 2), where coring was advanced 

by recovery (i.e. the hole was deepened using the measured length of recovered core). This approach 

slowed coring operations but ensured fewer gaps existed between successive cores. Sediment recovery 

varied between boreholes but was significantly lower for Hole A (~72%) than for Holes B–E, which all 

exceeded 90% (Fig. 2). The recovered HPC cores were cut into ~1.5-m-long sections on the coring 
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platform, and, along with the core catcher, were curated following standard ICDP protocols using 

Expedition(including year)–Site and Hole–Core and Core Type–Section nomenclature (e.g. JUN15-1A-1H-

1). 

In addition to the HPC-cored sites, nine locations were shallow-cored (< 10 m penetration) in a 

NE–SW transect across the lake using a 1-m-Livingstone push-corer and a 1.5 m surface corer (Wright 

1967; Weidhaas 2017). These shorter cores were obtained to capture the stratigraphic variability across 

the basin and to complement sampling of the uppermost few meters of soft sediment that is frequently 

more disturbed by the HPC (Melles et al. 2011; Ohlendorf et al. 2011). The Livingstone cores follow a 

Lake–Site and Year–Drive Number nomenclature (e.g. Junin-A15-D1) that is more widely used for this 

type of coring system. In contrast to the HPC system that progresses down a single hole at a site, 

successive Livingstone drives were offset laterally and overlapped by ~20 cm until the hole required 

casing (Wright 1980b); after casing, coring was advanced by the driven length of the previous core. We 

focus on cores from two of the nine sites, Junin-C15 and Junin-D15 (Fig. 2), that were cored in close 

proximity to each other and to Site 1 (Fig. 1). Site Junin-C15 consists of a surface core (0-0.91 meters 

below lake floor (mblf)) and 10 Livingstone drives to a depth of 7.72 mblf; the first six Livingstone cores 

overlap with each other (0.15–3.73 mblf). Site Junin-D15 consists of nine Livingstone drives that overlap 

between 0.65–4.31 mblf and extend down to 7.35 mblf (Fig. 2). The Junin-C15 surface core was 

extruded and sampled in 1 cm slices soon after recovery. 

MS was measured on every recovered Livingstone and HPC whole core section in the field at 

2.5-cm-intervals following recovery to inform drilling decisions and ensure complete recovery. Following 

completion of the field season, all HPC cores were shipped to the National Lacustrine Core Facility 

(LacCore) at the University of Minnesota for additional physical-property measurements, splitting, 

imaging, and long-term curation (Ohlendorf et al. 2011). Livingstone and surface cores were shipped to 

the University of Pittsburgh for similar analysis and curation. 

 

Laboratory-based measurement of physical properties . 

 

Whole-round HPC core sections were first measured on a Geotek multi-sensor core logger (MSCL) track 

system configured for GRA, MS, p-wave velocity (PWV), electrical resistivity (ER), and NGR at LacCore. 

GRA is a proxy for sediment density, PWV measures the sonic velocity of the sediment, MS is strongly 
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sensitive to the concentration of certain ferrimagnetic iron oxides, e.g. (titano)magnetite and 

maghemite, or occasionally iron sulfides, such as greigite, and NGR is a measure of radioactive isotopes, 

such as K, U, and Th, that emit gamma-rays. Measurements of GRA, PWV, and ER were made every 0.5 

cm, and MS and NGR were measured every 4 cm. The first and last three GRA, PWV, and ER data points 

and the first and last MS and NGR data points in each core section were trimmed from the final dataset 

as the ends of cores are often influenced by volumetric-edge effects; unrealistic GRA values less than 0.5 

g cm-3, likely reflecting mm-scale gaps in the core, were also removed. Cores were then split and the 

archive halves were imaged using a high-resolution-line-scan camera using the LacCore standard 

operating procedure (SOP) settings for aperture, lighting, and focal distance; these settings were kept 

constant between core sections for the entire site to allow for direct comparison. Some cores contained 

darker sediments that were not adequately imaged using the SOP; for these cores a second, lighter, 

image was made to highlight variability in specific sections. Split-archive halves were then loaded onto a 

MSCL optimized for measurement of color reflectance (CR) using a color spectrophotometer (absorption 

bands ranged between 360-740 nm at 10 nm spacing) and point MS (MSpoint) using a Bartington MS2E 

sensor; both of these parameters were measured at 0.5 cm spacing. All HPC core physical property 

datasets were processed and are archived at LacCore. The Livingstone cores were split and imaged at 

the University of Pittsburgh, and MSpoint was measured at 0.2 cm spacing.  All physical property 

measurement details can be found in ESM7. 

 

Approach for generation of a composite depth record and stratigraphic splice 

 

The primary stratigraphic splice from Lake Junín was accomplished by establishing a common depth 

scale for Junin-C15, Junin-D15, and the five holes at Site 1, and then by splicing together representative 

core sections from different drill sites/holes. This process involves several phases and within each phase 

there are opportunities for validation and refinement of both the composite-depth scale and splice. This 

approach is detailed in the “Junín Template” section of the manuscript and in Fig. 3, but first it is useful 

to define some key terms and review the methodological approaches that underpin this process. 

 

A note on depth scales 
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In the process of building a composite-depth scale, we mainly refer to two depth scales, core-depth 

below-lake floor (CLF) and composite-core-depth-below-lake floor (CCLF); like many of the terms used 

here they are adapted from IODP terminology (IODP-MI 2011) (Table 1; ESM1). The CLF depth scale is 

equivalent to the more traditionally used meters-below-lake floor (mblf) depth scale, and is based on 

the drilling-depth-below-rig floor (DRF) depth scale, which is the sum of all the drill string component 

lengths measured beneath some datum on the rig floor, and the drilling-depth-below lake floor (DLF) 

depth scale, which uses the lake floor depth as a zero-point datum (Table 1; ESM1). The zero-depth 

point in the DLF depth scale is defined by the uppermost sediment in the first core, commonly referred 

to as the “mudline” core. A new DLF is defined for each subsequent core by adding the length that the 

drill string is advanced past the datum on the rig floor between coring. The CLF depth is based on the 

length of recovered core and the DLF; any point along the core is assigned a CLF based on the DLF plus 

the measured distance of that interval from the top of the core (Table 1; ESM1). The DLF depth scale can 

contain inaccuracies relating to platform heave and seasonal-to-daily variations in lake level (Rodbell et 

al. 2014), whereas the CLF depth scale can be influenced by the effects of core compression and 

expansion, coring deformation, and other sources of measurement error during drilling and/or curation. 

Sediment recovery is calculated as the length of recovered core relative to the interval cored and if 

sediment recovery exceeds 100%, which is often attributed to expansion and elastic rebound of the 

sediment (Moran 1997), then a secondary CLF depth scale (CLF-B; sometimes called a “compressed 

depth scale” or “scaled depth”) is routinely generated to prevent overlap in the CLF depth scale (IODP-

MI 2011). The CLF-B depth scale employs a linear algorithm (Table 1) to compress the CLF depth to 

match the interval cored. However, as expansion is often not constant along the core and as the scaling 

is only arithmetic in nature, the CLF-B depth scale can cause offsets and errors if used directly during 

sampling. Thus, while we note the existence of this common alternate depth scale, we exclusively use 

the uncompressed CLF depth scale (CLF in Table 1) to generate the composite depth scale for Lake Junín. 

 

The composite core below lake floor (CCLF) depth scale 

 

When multiple holes are drilled at a site, inaccuracies in the CLF depth scale are often manifested as 

depth offsets between stratigraphically-equivalent features in different holes. The CCLF depth scale aims 

to correct for these inaccuracies by manipulating the CLF depth of individual cores to realign equivalent 

features in a common reference depth scale. This process begins with selection of the most 
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representative mudline core to define the top of the stratigraphic section and the zero-point-depth 

anchor in the CCLF depth scale. Cores are then iteratively tied into the composite depth scale by adding 

or subtracting a depth offset (a constant) to the whole core in order to align a single stratigraphically-

equivalent point identified in both cores. These offsets can vary on a core-by-core basis and are tracked 

alongside the CLF depths in an affine table (ESM5). Cores are not stretched or squeezed to facilitate 

correlation but are instead “hung” next to each other to build the composite depth scale. It is not 

usually possible to align all potentially correlative features perfectly between two cores; in such cases, 

the offset is chosen to try to maximize correlations over the whole core. When correlations cannot be 

made across different holes due to ambiguities or gaps in stratigraphy, a core can be appended in the 

composite depth scale using the same CLF-CCLF offset as the core immediately above it. Subsequent 

cores are then correlated or appended to this core and the mapping of each core into the CCLF depth 

scale progresses from the mudline down through the deepest recovered cores. 

Because of the non-destructive, high-resolution, and continuous nature of measurement 

coupled with the speed at which the data is obtained (Blum 1997), MSCL track data are the most 

frequently used datasets to identify equivalent features and correlate cores. However, whole-round 

MSCL data are strongly sensitive to variations in sediment volume that can result from cracks, voids, 

gaps, and/or coring disturbance so it is often necessary to augment these datasets with additional high-

resolution-physical-property data acquired on the split cores e.g. XRF data (Evans et al. 2004; van Peer 

et al. 2017), color reflectance (Pälike et al. 2005), and/or high-resolution-line-scan imagery (Wilkens et 

al. 2013). By coupling these different datasets with detailed core descriptions, missing and/or disturbed 

intervals can be identified and/or omitted from the MSCL dataset prior to correlation (Evans et al. 2004; 

Ohlendorf et al. 2011; Wilkens et al. 2013). This multi-parameter approach reduces the potential for 

spurious matching compared to single-parameter-based correlations and offers a more robust approach 

to depth-scale construction and refinement. These are major factors that drive the revision of field-

based-composite-depth scales and splices. 

The down-section correlation of equivalent stratigraphic markers offers a more accurate 

approach than reliance on the drill string measurement. However, the CCLF depth scale is almost always 

expanded relative to the CLF depth scale and the mudline core is typically the only core in which the CLF 

and CCLF depths are the same. In marine sedimentary environments, this expansion (termed the growth 

factor) can often increase the CCLF scale by 5% to 20% relative to the CLF scale (Lisiecki and Herbert 

2007; Hatfield 2015; van Peer et al. 2017). Although it is often difficult to identify the specific cause for 
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the growth factor, sources of expansion can arise from, but are not limited to: elastic rebound of the 

sediment (Moran 1997), depth errors during coring, stretching, squeezing, decompression and degassing 

of sediment after recovery, and decisions made during curation (Hagelberg et al. 1992; Mackillop et al. 

1995; Pälike et al. 2005). Growth factors for lacustrine cores are typically lower than those observed in 

the marine realm, likely due to a combination of shallower water depths, shallower drilling, and shorter 

cores, though it is often difficult to find these reported. It is important to recognize and track any growth 

factor as the CCLF depth scale can yield higher estimates of sediment accumulation rate, and will be 

expanded relative to data acquired on the borehole during logging. 

 

Splice Generation 

 

Once the CCLF depth scale is established, intervals of different core sections are spliced together to 

generate a continuous- and complete-stratigraphic section. Splice points between cores use the same 

stratigraphically-equivalent-tie points that are used to generate the CCLF-depth scale to ensure that 

stratigraphy is neither missing nor repeated in the splice, and, in practice, the composite depth scale and 

splice are often built simultaneously using the most representative sections. However, because the 

selection of CLF-CCLF offsets between cores, splice tie points, and sections that comprise the “splice” 

are inherently subjective and dependent upon the operator, it is important that these decisions be as 

transparent and robust as possible. Splice points are listed using their section and interval identifiers 

alongside their CLF and CCLF depths in a splice table. It is important to note that the same composite 

depths of sediment sections in “off splice” sections may not necessarily represent the same stratigraphic 

interval of those “on splice”. Manual or automated (Lisiecki and Herbert 2007) correlation may be 

required to align equivalent specific off-splice intervals to the primary splice. 

 

The Junín Template 

 

We developed a multi-phase approach to generate the composite-depth scale and complete-

stratigraphic splice that exploits the range of diverse datasets acquired through step-wise analysis of the 

Lake Junín cores (Fig. 3). First, a preliminary-composite-depth scale was developed in the field for the 

HPC cores using whole-round MS data; this provided a framework with which to base drilling decisions 
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(phase 1). Using these offsets as a starting point, we then used the laboratory-based whole-round MSCL 

datasets to query and refine the field-based composite-depth scale and generate a secondary CCLF-

depth scale and splice using the Corewall Correlator software that is maintained and developed by the 

Continental Scientific Drilling Coordination Office (CSDCO) at the University of Minnesota 

(https://csdco.umn.edu/resources/software/correlator). Phase 2 is equivalent to the process used to 

construct composite-depth scales and splices on IODP expeditions that is reported in the IODP 

proceedings volume (Jaeger et al. 2014; Rosenthal et al. 2018). Next, to identify and replace correlations 

made using MSCL artifacts (e.g., cracks, voids), and further refine the composite-depth scale and splice, 

we evaluated every offset and splice tie point using the split-core data and high-resolution line-scan 

images (phase 3). This third layer of analysis offered an additional opportunity for refinement as the 

MSCL datasets can only provide correlative precision at the resolution they were acquired (0.5 - 4 cm for 

the HPC cores) whereas the line-scan images can potentially provide sub-millimeter-scale resolution for 

compositing and splicing. In some cases, the images were used to verify the MSCL tie points but in most 

instances they replaced and refined those made using the MSCL data. Once all tie points were verified 

and the composite depth scale and splice were finalized, we then returned to remap all off-splice cores 

into the revised CCLF depth scale using the MSCL datasets. This multiple-phase approach yields a 

rigorous methodology that allows for constant validation and fine-tuning of the composite-depth scale 

and splice through the introduction of additional multi-parameter higher-resolution data during each 

phase. As the phased approach outlined in Fig. 3 requires only standard MSCL, description, and imagery 

datasets, this template is easily transferrable to other projects.  

 

Results 

 

Physical property variability 

 

Evaluation of the six MSCL datasets (GRA, MS, PWV, ER, NGR, and CR) revealed that MS, NGR, GRA, and 

CR (hereinafter presented as the lightness of the sediment; L*) possessed the most reproducible 

variability to facilitate between-core and between-hole correlation (Fig. 4). GRA and L* data contain 

high-frequency variability, particularly in the lower-value ranges, that is likely related to the greater 

sensitivity of these higher-resolution measurements (0.5 cm spacing) to small voids or cracks or lower-

density gas-expanded sections. As the specific origin of each of these low values was not determined 
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they were not trimmed from the dataset, however, we did not use these GRA and L* intervals to 

facilitate between core correlations. Previous results from Lake Junín suggested that MS reflects the 

influx of lithogenic sediment eroded from the surrounding mountains predominantly to the east of the 

lake (Seltzer et al. 2000) (Fig. 1). MS data is consistent with this pattern, varying between low or 

negative values associated with authigenic carbonate and/or sections rich in organic material, and 

relatively high values in sections associated with higher clastic content (Fig. 4). NGR has a positive 

relationship with MS (r = 0.48; n = 8241; p = < 0.0001; Fig. 4), suggesting that lithogenic clays have higher 

concentrations of radioactive isotopes than authigenic carbonates or organic materials. GRA values 

increase with depth due to compaction, particularly below ~65 m, and along with L*, show much of the 

same longer-period, meter-scale variability as observed in MS and NGR (Fig. 4). Each of the four 

parameters contain intervals of variability that can be correlated across the different holes, but they also 

contain intervals of subtler variation where unambiguous matching of equivalent features is more 

difficult (Fig. 4). However, due to the diverse nature of these properties, when variability is low in one 

parameter, it is often higher in another parameter. For example, MS variability is relatively low between 

20-25 m CLF but GRA and L* contain distinct features correlatable across three-different holes, and 

between 25-30 m CLF, GRA and L* variability decreases but MS variations are more distinct (Fig. 4). 

Where equivalent features are identified across different holes they appear slightly offset to one 

another (dashed lines in Fig. 4) and highlight depth inaccuracies in the CLF depth scale. 

 

Correlating equivalent features 

 

We demonstrate how equivalent stratigraphic features are correlated, assigned an offset in the CCLF 

depth scale, and how core sections are spliced together using the example of cores JUN15-1C-25H and 

JUN15-1E-16H (Fig. 5). A prominent MS peak in both cores (feature (i) in Fig. 5) permitted alignment of 

the two cores in the field, and with the addition of higher resolution MSpoint, GRA, and L* data several 

other corresponding features confirm the stratigraphic equivalency of these two cores. We highlight one 

example from each dataset (features (i)-(iii) in Fig. 5) but several other intervals could have been chosen 

in each dataset to represent these features. Indeed, the subjective nature of selecting which dataset and 

datapoint to use to correlate two cores highlights the importance of documenting this process. Features 

(i), (ii), and (iii) are offset from each other by 10 cm, 11 cm, and 5 cm CLF, respectively (Fig. 5). The core 

images first provide visual confirmation of these pairings and are then used to determine an 
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unambiguous tie point between them at millimeter scale resolution. In this example the base of a thin 

black horizon, which also has pronounced GRA and L* expressions, was chosen at 75.238 m CLF in 

JUN15-1E-16H-2 and 75.178 m CLF in JUN15-1C-25H-2 (dashed lines in Fig. 5). 

Alignment of this prominent MS peak in the CCLF depth scale requires the addition of 0.06 m to 

the CLF scale of core JUN15-1C-25H relative to core JUN15-1E-16H. As core JUN15-1E-16H has an 

existing offset of 1.367 m then the offset becomes 1.427 m for JUN15-1C-25H (ESM5). These features 

line up in the CCLF depth scale at a depth of 76.607 m CCLF, and the two cores are spliced together at 

this same juncture (Fig. 5; ESM6). Although the cores are aligned in the CCLF depth scale at this single 

point, the other equivalent MSCL features (features (i), (ii), and (iii) in Fig. 5) remain offset to one 

another by 4 cm, 5 cm, and -1 cm, respectively. This discrepancy is due to slight stratigraphic differences 

between the two cores and serves as a cautionary example as to why off-splice sections should not be 

transferred to on-splice depths by simply using the same offset determined between the CLF- and CCLF-

depth scales. 

 

A correction to the CLF depth scale 

 

Correlation of features across different holes yields an additional opportunity to evaluate the DLF/CLF 

depth scale for potential errors. The DLF depths at the top of cores JUN15-1D-29H, JUN15-1D-30A, and 

JUN15-1D-31H are offset from one another in 3 m intervals; 81.08 m, 84.08 m, and 87.08 m, 

respectively. Cores JUN15-1D-29H and JUN15-1D-31H recovered 2.77 m and 2.60 m of sediment; core 

JUN15-1D-30A was drilled with the Alien tool, but recovered no sediment. MSCL data suggested, and 

core images confirmed, that the base of JUN15-1D-29H and the top of JUN15-1D-31H could be bridged 

with a single core section (JUN15-1C-28H-1) resulting in a 0.23 m CCLF gap between the two cores 

compared to the 3.23 m gap in the CLF depth scale (ESM2). To reconcile this 3 m difference, we suggest 

that after switching the drilling head from the HPC following JUN15-1D-29H to the Alien tool for JUN15-

1D-30A, the drill string was mistakenly not advanced prior to coring operations. As the 81.08 – 84.08 m 

DLF interval had already been cored, and the Alien tool is a rotary coring system that is not designed for 

recovery of soft or in this case missing or disturbed sediment, this likely explains the lack of recovery for 

core JUN15-1D-30A. The coring apparatus was switched back to the HPC for core JUN15-1D-31H and the 

drill string was advanced 3 m to a DLF depth of 84.08 m, not the 87.08 m DLF as listed in the drilling log. 
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This explanation is consistent with the zero recovery of JUN15-1D-30A and with the -3 m difference in 

the CLF and CCLF depth scales between the two cores. As the DLF depth of subsequent cores is 

calculated from the DLF depth of the previous core plus drill string advancement, the 3 m DLF error was 

propagated downhole for the rest of the cores recovered from Hole D. Thus, cores JUN15-1D-31H 

through JUN15-1D-35H were corrected by -3 m in the CCLF depth scale in addition to any correlative 

adjustments made (Fig. 2; ESM5).  

 

The CCLF depth scale and primary splice 

 

The composite depth scale was constructed for Lake Junín cores between 0 and 104.272 m CCLF (ESM5). 

For the HPC cores the uppermost sediments (1 – 2 cores) were frequently more disturbed than the same 

interval recovered with the Livingstone corer making it difficult to unambiguously correlate the HPC 

cores and Livingstone cores using either the variability in the MSCL datasets or the core images. As a 

result, we omit the upper 1–2 HPC cores from each hole from the composite depth scale and 

incorporate the upper 6 – 7 m of the Livingstone record into the splice (ESM5, ESM6). To integrate 

sediments recovered with different coring systems, we initially developed separate CCLF depth scales 

for the HPC and Livingstone recovered cores. The two depth scales were then integrated using a single 

tie point at 6.665 m determined using both the MSCL data and the line scan images. 

For three intervals it was necessary to append rather than correlate cores (ESM5); the reasons 

for appending these cores are: (i) cores JUN15-1A-34A, -35A, and -36H were the deepest recovered 

cores in the lake basin and do not overlap with cores retrieved from other holes; (ii) below 88.018 m 

CCLF, it was increasingly difficult to unambiguously correlate the cores recovered from Holes JUN15-1D 

and JUN15-1C. For cores JUN15-1D-32H through JUN15-1D-35H, coring was advanced by recovery to 

minimize between-core gaps so these cores are appended below core JUN15-1D-31H; (iii) the CCLF 

interval between 64.099 – 67.836 m contains three appended cores; JUN15-1C-21H, JUN15-1D-23H, and 

JUN15-1D-24H due to correlation ambiguities (ESM5). For the last of these three cores (JUN15-1D-24H), 

the CLF depth scale implied, and the MSCL data and high-resolution images confirmed, that the upper 

71 cm of core section JUN15-1D-24H-1 recovered disturbed material from a previously cored interval. 

Therefore a depth of 71 cm in core JUN15-1D-24H-1 is used as the uppermost sediment horizon to 

append below core JUN15-1D-23H (ESM5). Appending cores does introduce discontinuities into the 
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CCLF scale, and potential gaps in the splice, but remains more faithful to the stratigraphy than the 

inclusion of potentially ambiguous tie points that may risk the repetition or removal of stratigraphy. 

The splice incorporates the same tie points used to develop the CCLF-depth scale and was built 

simultaneously between 0–95.389 m CCLF; splice tie points are listed in ESM6. The splice is quasi-

continuous (points ii and iii above), and the resulting spliced MS, NGR, GRA, and L* records show similar 

variations to each other and to changes in sediment color, which adds a qualitative degree of confidence 

to the splice. Sediment from hole JUN15-1D forms the backbone of the drill core splice; in the upper ~32 

m CCLF, gaps between Hole JUN15-1D cores are frequently bridged using sediments from Hole JUN15-

1B, between ~33–56 m CCLF Hole JUN15-1E cores are used, and between ~56–86 m CCLF sediments 

from Holes JUN15-1C and JUN15-1E are incorporated (Fig. 6; ESM6). Improvement of the CCLF depth 

scale over the CLF depth scale is illustrated through comparison of MS records from Holes JUN15-1C and 

JUN15-1D (ESM3). Without stretching or squeezing, it is not possible to align all MS features between 

holes, however, greater agreement between the two MS datasets in the CCLF depth scale (r = 0.64; n = 

2207; p = < 0.0001) compared to the CLF depth scale (r = 0.43; n = 2207; p = < 0.0001), indicates greater 

alignment of equivalent features in the CCLF depth scale (ESM3). Growth factors (GF) are calculated for 

all holes (GF = CCLF/CLF; Table 1) and range between 0.9838 for Livingstone core Junin-D15 and 1.0193 

for JUN15-1C (ESM4). Across all seven holes the average GF is 1.0167, representing an average 1.67% 

increase in the CCLF depth scale relative to CLF depth scale (ESM4). 

 

Discussion 

 

Splice and Borehole Comparison 

  

To assess the representativeness of the splice we compare the splice MS record to the MS record 

acquired during the logging of boreholes JUN15-1A, JUN15-1C, and JUN15-1D (Pierdominici et al. 2016). 

The three borehole MS records are presented on the wireline log depth below lake floor (WLF) depth 

scale (Table 1; ESM1) and contain reproducible features across different holes at similar depths (Fig. 7). 

To account for the growth factor we present the splice MS data on the alternative CCLF-B depth scale 

(CCLF-B = CCLF/GF; Table 1). Splice MS features replicate the observations from holes A (purple), C 

(green), and D (blue) suggesting that the recovered sediments and the resulting splice from Lake Junín is 



Author a
cc

ep
ted

 m
an

usc
rip

t

AUTHOR ACCEPTED MANUSCRIPT

© 2019 Springer Nature B.V..

an accurate representation of sediment in the lake basin. Correlation between the MS borehole logs and 

the CCLF-B depth scale can be further improved through linear stretching and squeezing (Paillard et al. 

1996) or by automated semi-quantitative matching of equivalent horizons (Lisiecki and Herbert 2007), 

whereas Monte Carlo-based correlations can add estimates of uncertainty (Malinverno 2013). However, 

while the CCLF-B depth scale likely yields a more accurate estimate of sediment accumulation rate, like 

the CLF-B depth scale it only provides an estimate of sediment thickness. As such, any reference to 

specific-depth intervals, such as that used for sampling, for refinement of the composite depth scale, or 

for generation of additional or alternate splices, should be made on the uncompressed CLF or CCLF 

depth scales.   

 

Conclusions 

  

ICDP drilling of Lake Junín recovered sediments using four separate coring systems to a depth of 103.9 m 

below the lake floor in August 2015. Using MSCL and imagery data acquired in the field and in the 

laboratory, we were able to correct errors in the CLF depth scale and develop, refine, and finalize the 

composite-depth scale and sediment splice for Site 1. The use of core imagery is not often incorporated 

into this process, but we showed that by making it an integral step in the process (Fig. 3, 5), we were 

able to robustly define the tie-points used in depth scale and splice construction at millimeter-scale 

resolution and a precision not obtainable with the MSCL datasets alone. The spliced MSCL data shows 

strong coherence with color variations in the sediment (Fig. 6) and with the MS data acquired during 

logging (Fig. 7), suggesting that the splice is an accurate representation of the sediment accumulated in 

the basin.  

With a robust stratigraphic section established for Lake Junín, the primary age model can begin 

to be developed, research organized, and sampling undertaken along the splice aimed at addressing the 

bigger scientific questions of the Lake Junín Project. The value in detailing the stratigraphic correlation 

and splice construction makes these inherently subjective and ‘black-box-esque’ compositing and splice-

development processes more transparent and traceable, thus making future revisions easier should they 

be required. For these reasons, we suggest that detailing this process should become a standard feature 

of future ICDP and terrestrial drilling projects, much like it has become on IODP expeditions. This 

manuscript and the approach detailed in Fig. 3 can potentially serve as a template for those endeavors. 
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Figure Captions 

Figure 1 Location of the Lake Junín drainage basin and the position of the three ICDP drill sites (yellow 

circles), the nine Livingstone core locations, and a piston core recovered in 1996 (Seltzer et al. 2000). 

Site 1 and Livingstone cores Junin-C15 and Junin-D15 are the focus of this manuscript. 

Figure 2 Stratigraphic position of the two Livingstone-cored sites (Junin-C15 and Junin-D15) and the five 

HPC-cored sites (JUN15-1A through JUN15-1E) recovered from site 1 in Lake Junín. Core recovery for the 

HPC cores is calculated as the length of recovered core relative to the interval cored and expressed as a 

percentage. Hole D cores 31H through 35H are shown on the original CLF depth; the corrected CLF 

depths (see text and ESM2 for details) are shown alongside (denoted *) with the top and lower depths 

bracketed. Core recovery increases from 92.4% to 95.5% using the corrected CLF depth. Coring 

designations; Sfc. = Surface core, D = Livingstone Drive number, H = HPC core, A = Alien tool. Colors 

corresponding to each drill hole remain consistent for all remaining figures in this manuscript 

Figure 3 Step-wise development (warm colors) of the composite-depth scale (CCLF) and stratigraphic 

splice for sediments recovered from Lake Junín; blue colors denote core flow, green colors denote 

acquisition of new data. The single-parameter MSCL MS record acquired in the field was used to 

generate a preliminary-CCLF depth scale to inform drilling decisions (phase 1). This preliminary-depth 

scale was refined using a multi-parameter whole-round MSCL dataset acquired in the laboratory and the 

splice was generated (phase 2). Both these records were then refined and finalized using the line-scan 

images, split-core MSCL datasets, and core description (phase 3). The splice was then utilized to guide 

working half sampling and age-model development to facilitate the scientific objectives of the Lake Junín 

drilling project, and can be used to interpret the data acquired on the borehole. MS – Magnetic 

Susceptibility; NGR – Natural Gamma Rays; PWV – P-Wave Velocity; GRA – Gamma Ray Attenuation 

Densitometry; ER – Electrical Resistivity; CR – Color Reflectance 

Figure 4 MS, NGR, GRA, and L* on the CLF depth scale for Holes A through E using the same colorations 

(JUN15-1A – purple; JUN15-1B – red; JUN15-1C – green; JUN15-1D – blue; JUN15-1E – orange) as utilized 

in Figure 2. The blue shading between 20-30 m highlights the region that is expanded to the right of the 

main dataset. In this expanded view, several equivalent features can be identified in the different 

physical properties (dashed lines), however, they are often offset in depth to each other, highlighting 

the inaccuracies in the CLF depth scale when comparing cores from different holes. 

Figure 5 MSPoint, (upper panels), GRA density (center panels) and L* (lower panels) data shown on the 

CLF-depth scale (left) and the CCLF-depth scale (right) for core JUN15-1E-16H (orange) and core JUN15-

1C-25H (green). Also shown are the high-resolution core images for core section JUN15-1E-16H-2 and 

JUN15-1C-25H-1. Three equivalent stratigraphic features can be identified between the two core 

sections in the MSPoint (i), GRA (ii), and L* (iii) datasets and one visual sediment contact has been 

highlighted (dashed lines). In the CLF depth scale, features a-c are offset from each other by 10 cm, 11 

cm, and 5 cm, respectively; the dashed lines are offset by 6 cm (left panels). Validated by all four 

features, the sections are aligned using the visual correlation and are integrated into the CCLF depth 

scale (right panels) by shifting the depths of JUN15-1C-25H by +6 cm relative to JUN15-1E-16H-2. The 

sections are spliced at the same tie point; colored data are the on-splice intervals, grey data are off-

splice intervals. Note that although on the CCLF-depth scale features (i), (ii), and (iii) remain offset to 

each other. This serves as an example as to why off-splice intervals cannot be assigned on-splice depths 

based on their CLF depth 
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Figure 6 Spliced MS, NGR, GRA, and L* records for the upper 95.39 m-CCLF of Lake Junín. Sections in the 

splice are color coded by the hole from which the data originates. The MSCL data are shown alongside 

the color profile generated from the spectrophotometer and show prominent shifts across all four 

property datasets associated with visible changes in sediment color and lithology 

Figure 7 Splice MS record (black; left) on the CCLF-B-depth scale shown alongside the MS records 

acquired during logging of boreholes JUN15-1A (purple), JUN15-1C (green), and JUN15-1D (blue). The 

spliced-MS record is repeated (grey; not to scale) alongside each of the borehole records for 

comparison. The spliced MS record shows a striking similarity to the three borehole records, suggesting 

that the sediment splice generated for Lake Junín is strongly representative of the sediments 

accumulated in the basin 
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Table Captions: 

Table 1: Summary and explanation of the drilling-depth scales used in the construction and discussion of 

the composite-depth scale and splice for Lake Junín. 
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Electronic Supplementary Material (ESM) Captions 

ESM1: Depth-scale schematic showing the depths scales discussed in the text. A depth target can be 

measured directly using the drilling-below-rig floor (DRF) but is usually presented on the drilling-below-

lake floor (DLF) depth scale that incorporates an estimate of both water depth and the offset between 

the datum on the rig floor and the water surface (D). The DRF minus the length of the mudline core can 

used to estimate these two parameters. The core depth-below-lake floor (CLF) is calculated from the 

DLF at the top of the core plus the length of the interval measured into that core. The CLF at the core 

top and the DLF are the same value. Secondary CLF-B-, CCLF-, and CCLF-B-depth scales can be calculated 

from the CLF (Table 1). CCLF = core composite depth below lake floor; WRF = wireline depth below rig 

floor (WRF); WLF = wireline depth below lake floor (WLF) (Table 1) 

ESM2: GRA data and high-resolution images for sections from cores JUN15-1D-29H, JUN15-1D-31H, and 

JUN15-1C-28H. The original CLF depth-scale suggested a 3.23 m gap exists between the base of JUN15-

1D-29H-3 and the top of JUN15-1D-31H-1. Compositing and integration of these cores with data and 

images from core JUN-1C-28H suggests this gap is only 0.23 m and that a -3 m error exists in the CLF 

depth of core JUN15-1D-31H and all subsequent cores from Hole D. This is corrected in the CCLF depth 

scale and explained and justified in the text 

ESM3: Comparison of MS records of Hole C and Hole D using the CLF-depth scale (upper panel) and 

CCLF-depth scale (lower panel). Comparisons are made between the two records by interpolating the 

Hole D data onto the respective Hole C CLF and CCLF depths. Note the stronger agreement between the 

two MS records on the CCLF depth scale that results from placing the data within a common depth 

reference 

ESM4: CLF depth (m) vs CCLF depth (m) for all core tops from Holes A-E and in the lower right panel all 

seven holes together including Junin-C15 and Junin-D15. The growth factor (GF) is calculated as the 

expansion of the CCLF depth scale relative to the CLF scale and is expressed as a ratio and a percentage. 

The average GF for all holes is 1.0167 (1.67%) 

ESM5: Core lengths, CLF depth, CCLF depth, offset between the CCLF and the CLF scales and the 
associated growth factor. Also noted are those cores that were not composited based on stratigraphy 
and those appended. 
 
ESM6: Splice tie points on the CLF and CCLF depth scales for the primary stratigraphic splice from Lake 
Junín. 
 
ESM7: Measurements, settings, and spacing used for the MSCL datasets used in the Lake Junín project 
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 Depth Name Acronym Datum Description Type 

 

D
ri

lli
n

g 
D

ep
th

 S
ca

le
 

Drilling Depth 

Below Rig Floor 

 

DRF Rig 

Floor 

The sum of lengths of all drill string 

components deployed beneath the rig floor 

using the rig floor as the datum. 

 

Measured 

depth 

Drilling Depth 

Below Lake Floor 

 

DLF Lake 

Floor 

The length of all drill string components 

between the lake floor and target. 

[DLF = DRF – depth of lake floor below rig floor] 

 

Processed 

Depth 

C
o

re
 D

ep
th

 S
ca

le
 

Core Depth 

Below Lake Floor 

 

CLF Lake 

Floor 

Distance from lake floor to target within 

recovered core. 

[CLF = DLF + curated section length to target] 

 

Processed 

Depth 

Core Depth 

Below Lake Floor 

 

CLF-B Lake 

Floor 

Distance from lake floor to target within 

recovered core. This method applies a 

compression algorithm (i.e., scaling) if recovery 

is above 100%. 

[CLF-B = DLF + scaled (if necessary) curated 

section length to target] 

 

Processed 

Depth 

C
o

m
p

o
si

te
 D

ep
th

 S
ca

le
 

Core Composite 

Depth Below 

Lake Floor 

CCLF Lake 

Floor 

Distance from lake floor to target within 

recovered core using a scale of adjusted depths 

constructed to resolve gaps in the core 

recovery and depth inconsistencies. 

 

Composite 

Depth 

Compressed 

Core Composite 

Depth Below 

Lake Floor 

CCLF-B Lake 

Floor 

This depth scale compresses the entire CCLF 

depth scale back to the depth of the drilled 

interval (based on the CLF depth scale) using 

the average growth factor (GF) where GF = 

CCLFmax/CLFmax 

[CCLF-B = CCLF / GF] 

 

Composite 

Depth 
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Table 1: Summary and explanation of the drilling depth scales used in the construction and discussion of 

the composite depth scale and splice for Lake Junín. 

 

 

 

W
ir

e
lin

e
 D

e
p

th
 S

ca
le

 

Wireline Log 

Depth Below 

Rig Floor 

WRF Rig 

Floor 

Length of wireline and sensor offset 

between the rig floor and the target. 

Measured 

Depth 

Wireline Log 

Depth Below 

Lake Floor 

WLF Lake 

Floor 

WRF with lake floor depth below rig 

floor subtracted. 

Processed 

Depth 



Author a
cc

ep
ted

 m
an

usc
rip

t

AUTHOR ACCEPTED MANUSCRIPT

© 2019 Springer Nature B.V..

 



Author a
cc

ep
ted

 m
an

usc
rip

t

AUTHOR ACCEPTED MANUSCRIPT

© 2019 Springer Nature B.V..

 



Author a
cc

ep
ted

 m
an

usc
rip

t

AUTHOR ACCEPTED MANUSCRIPT

© 2019 Springer Nature B.V..

 



Author a
cc

ep
ted

 m
an

usc
rip

t

AUTHOR ACCEPTED MANUSCRIPT

© 2019 Springer Nature B.V..

 



Author a
cc

ep
ted

 m
an

usc
rip

t

AUTHOR ACCEPTED MANUSCRIPT

© 2019 Springer Nature B.V..

 


