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Grain-size analysis of siliciclastic sedimentary rocks provides critical information for interpreting flow dynamics and depositional environments in sedimentary systems and for analysing reservoir quality of sandstone. Methods such as sieving and thin-section analysis are time consuming and unsuited for large sample numbers. Laser diffraction particle analysis is quick and reliable for analysing 100s of samples, assuming successful disaggregation. Here, we evaluate this method utilizing samples from three siliciclastic formations in Northern Italy: the Miocene Castagnola and Marnoso-Arenacea Formations, and the Cretaceous to Palaeocene Gottero Formation, which vary in degree of lithification. We focus on: 1) methods of whole-rock disaggregation; 2) methods of subsampling sediment for laser diffraction analysis; and 3) comparison of thin-section analysis with laser-diffraction particle size analysis. Using an ultrasonic bath and a SELFRAG (high voltage selective fragmentation) as disaggregation tools, this study evaluates separation of whole, undamaged grains subsequently measured by laser diffraction analysis. We show that it is possible to disaggregate ancient, well cemented rocks using an ultrasonic bath. When disaggregating samples with the SELFRAG method, grain-size measurements become less accurate and less precise with increasing sample lithification and increased presence of cement. This is likely a combination of incomplete grain disaggregation in the SELFRAG and heterogeneity within samples. Following disaggregation, we compare sub-sampling methods using a stirrer plate versus a pipette. Both produce accurate analyses, but the stirrer method is the most reliable and replicable. A comparative small subsample method, run as one whole sample with no need for subdivision into aliquots, is found to be reliable and replicable but is more susceptible to heterogeneity within field samples. When comparing laser diffraction results to grain-size volume methods estimated from thin-section analysis, thin-section sand grains are overestimated, and clay/silt grains are inaccurate. These results provide a framework for understanding potential biases introduced through various sample preparation and measurement methods.
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INTRODUCTION
Grain-size analysis is ubiquitously employed by sedimentologists, geomorphologists, geographers and civil engineers working with outcrop and core datasets in clastic sedimentary systems. In detailed studies, where a description using a hand-lens is insufficient, further methods are required to build a more quantitative description of grain-size and sorting. Older methods for grain-size analysis are based on sedimentation rates for fine-grained (clay to silt) fractions and sieving for coarse-grained (silt and larger) fractions (Buller and McManus, 1972; Gee and Bauder, 1986). These methods have some drawbacks, such as they are time-consuming, very dependent on laboratory technique and operator error (Syvitski, 1991) and a large amount of material is needed (at least 10 g). These classic techniques are therefore not suitable for rapid, accurate analysis of many samples. Techniques such as thin-section analysis and laser particle-size analysis have become the norm when analysing cemented rock (Krumbein, 1935; Chayes, 1950; Greenman, 1951; Rosenfeld, et al., 1953; Friedman, 1958; Smith, 1966; Sahu, 1968; Harrell and Eriksson, 1979; Kong, et al., 2005) and unconsolidated sediment/soil (Konert and Vandenberghe, 1994; Blott, et al., 2004; Di Stefano, et al., 2010; Zihua, et al., 2009), respectively.
The time-consuming nature of thin-section point counting has been somewhat abated by newer image analysis techniques (Mazzullo and Kennedy, 1985; Francus, 1999; Persson, 1998; Van den Berg, et al., 2002; Van Den Berg, et al., 2003; Seelos and Sirocko, 2005; Fernlund, et al., 2007; Resentini, et al., 2018), but these methods can have their own technical issues, and beyond that, the time and money necessary to make thin-sections significantly limits the number of samples that can be processed. Within the last couple of decades, laser diffraction analysis has become more common, but is primarily utilized for unconsolidated sediment and soil (Konert and Vandenberghe, 1994; Sperazza, et al., 2004; Cheetham, et al., 2008; Di Stefano, et al., 2010) or in relatively young, Holocene/Pliocene-Pleistocene sedimentary rocks that are poorly lithified (Barrett and Anderson, 2000; Ito, 2008; Zihua, et al., 2009; Bralower, et al., 2010). In deepwater clastic systems, laser diffraction analysis has been effective at characterizing subtle changes in grain-size distributions in unconsolidated sediment (Stevenson et al., 2014), but the method has been under-utilized in ancient clastic systems because of challenges in disaggregating well-lithified samples (Loope, et al., 2012; Maithel, et al., 2019).
Recent studies have shown that disaggregation of lithified rocks and grain-size measurement of the sand-sized fraction through laser diffraction can be a useful tool in ancient sand-rich sedimentary systems (Maithel, et al., 2019), but the clay fraction can be altered or damaged by disaggregation methods, which commonly include crushing or chemical disaggregation. Crushing of aggregate grains (Barrett and Anderson, 2000; Jiang and Liu, 2011; Maithel, et al., 2019) can add uncertainties by fracturing or damaging grains and should therefore be avoided where possible. Chemical disaggregation has often been applied to well-lithified samples (Suczek, 1983; Triplehorn, et al., 2002; Maithel, et al., 2019). This is a useful method, but it may dissolve or abrade some minerals and can be time consuming, taking hours or days. Sodium hexametaphosphate (Na6 [(PO3)6]/NaHMP) is a relatively gentle chemical method of disaggregation which is used to deflocculate clays within a sample (Sridharan, et al., 1991; Andreola, et al., 2004; Andreola, 2006) and therefore is useful as a complimentary method after other disaggregation techniques are used on the larger grains (Zihua, et al., 2009).
High-voltage selective fragmentation (SELFRAG) can be an effective tool in rock disaggregation (van der Wielen, et al., 2013). This method is most commonly used for mineral analysis in the mining industry (Andres, 2010; Wang, et al., 2011; Wang, et al., 2012; Zuo, et al., 2015), but in this study the SELFRAG method is used for siliciclastic sedimentary rocks in order to establish whether it is a reliable method for disaggregation prior to laser diffraction grain-size analysis.
Aims/Objectives
The aim of this study is to create a replicable and relatively quick method for disaggregating ancient clastic sediments and preparing them for laser diffraction grain-size analysis. This will therefore allow quicker and more accurate processing of multiple samples from the ancient rock record. Objectives are: i) to produce a reliable and repeatable workflow for disaggregating ancient mudstone and sandstone utilizing an ultrasonic bath and/or a SELFRAG machine; ii) Evaluate the reliability and potential biases associated with various subsampling methods for laser diffraction grain-size analysis; and iii) to compare the results to thin-section analysis of the same samples.
METHODS
Sampling
The samples used in this study were collected from deepwater turbidites and hybrid event beds/linked debrites (Haughton, et al., 2003; Hodgson, 2009; Sumner, et al., 2009; Talling, 2013) from three basins located in north-west and central Italy with ages spanning from the Cretaceous to Miocene (Figure 1A). In total, 338 samples were collected and processed for grain-size analysis. Results from nine field samples are presented in this paper as examples for method development.
[image: Figure 1]FIGURE 1 | (A) Locations of three basins in Northern Italy, the Castagnola Formation, the Marnoso-Arenacea Formation and the Gottero Formation, inset map of Italy in the top right corner. (B) Outline of the Castagnola Formation outcrops (deepwater sandstone and mudstone succession) stratigraphically above the Rigoso Marls Formation, South of the Villalvernia—Varzi tectonic line (modified from Patacci et al., 2020). (C) Outline of outcrops of the Marnoso-Arenacea Formation in the Northern subbasin of the Marnoso-Arenacea foredeep, with the location of the main thrust faults through the section and logged tracts from Amy and Talling (2006). Inset map of key proximal locations in the village of Coniale (modified from Amy and Talling, 2006). (D) Location of Gottero Formation outcrops with proximal locations on the coast and distal location at Mount Ramaceto, modified from Fonnesu et al., 2018.
Castagnola Formation
The Castagnola Formation is a deep-marine unit of the Aquitanian-Burdigalian sedimentary fill of the eastern part of the Tertiary Piedmont Basin of north-west Italy (Andreoni, et al., 1981; Cavanna, et al., 1989; Di Giulio and Galbiati, 1993). The sandstone composition of the Castagnola Formation varies throughout the sections from Arkosic to Mixed to Litharenite (Figure 7 of Patacci et al., 2020). The sandstone composition of the studied interval (Beds 208, 209 and 210 sensu Southern et al., 2015) is arkosic with calcite cementation (on average Q60, F30, L10) and is interpreted to be sourced from continental basement units with limited Permian cover (Patacci, et al., 2020). Samples were taken vertically through these three beds from four logged locations (VI, V, IV and II; Southern et al., 2015; Figure 1B) in a dip to oblique section to overall palaeoflow. Bed thicknesses range from 1.5—5 m and samples were selected vertically through beds at 20 cm intervals. This formation is poorly lithified. Sandstone was easily sampled with a hammer and chisel and mudstone-rich samples were broken by hand.
In this methodological analysis, we present results from the following samples (naming convention is log—bed—sample; Figure 1B and Southern et al., 2015 for log locations and bed details):
- IV B210 S5 is from the sand-rich lower division (H1) of a hybrid event bed.
- II B209 S9 is from a dewatered/soft-sediment deformed, clast-rich lower division (H1b) of a hybrid event bed.
- V B209 S22 is from an argillaceous upper division (H5) of a hybrid event bed.
- VI 208 S2 is from sand-rich lower division (H1) of a hybrid event bed.
Marnoso- Arenacea Formation
The Miocene Marnoso-Arenacea Formation was deposited in a deepwater basin plain environment of a foreland basin (Lucchi and Valmori, 1980; Argnani and Lucchi, 2001; Amy and Talling, 2006; Muzzi Magalhaes and and Tinterri, 2010) and is now exposed in the Apennine fold-and-thrust belt within Central Italy. The samples were collected from a section that is Serravillian in age, directly above the marker Contessa megabed (Lucchi and Valmori, 1980; Amy and Talling, 2006). The sandstone is a calcite cemented quartz arenite with subordinate feldspar, biotite and lithic grains (Amy, et al., 2016), with an estimated 54% Quartz, 28% Feldspar and 18% lithic fragments (Valloni and Zuffa, 1984).
Samples were collected at 20 cm stratigraphic intervals through four beds (Bed 0, 0.4, one and two sensu Amy and Talling, 2006) from four logged locations (Coniale 1, 2, 4 and 5; locations 1, 81, 27 and 82 from Figure 9 of Amy and Talling, 2006) in a oriented perpendicular to the overall palaeoflow (Figure 1C). Bed thicknesses range from 0.3 to 1.8 m. This formation has “moderate” lithification. Sandstone samples was easily sampled with a hammer and chisel, while finer, mudstone-rich sections were more cemented and difficult to sample, with one sample uncollectable with the tools at hand.
Analysed samples come from two sections in the Coniale area—Coniale 1 (C1), which corresponds to log one of Amy and Talling (2006) and Coniale 2 (C2), which corresponds to log 80 of Amy and Talling (2006). Naming convention is Log—Bed—Sample:
- C1 B2 S1 is in the lower sand-rich division of a turbidite bed (Ta/b).
- C1 B2 S4 is in the mud-rich division of a turbidite bed (Te).
- C2 B0.4 S7 is from the argillaceous upper division (H5) of a hybrid event bed.
- C2 B1 S5B is from the argillaceous upper division (H5) of a hybrid event bed.
Gottero Formation
The Gottero deepwater turbidite system is Maastrichtian to early Palaeocene in age (Passerini and Pirini, 1964; Marroni, 1990; Marroni, et al., 2004) and was deposited onto oceanic crust in a trench basin (Abbate and Sagri, 1970; Nilsen and Abbate, 1984). The Gottero sandstone is a feldspathic wackestone, with an estimated 51% Quartz, 39% Feldspar and 10% lithic fragments (Valloni and Zuffa, 1984). Grains contain fragments of metamorphic, volcanic and sedimentary rocks (Malesani, 1966; Pandolfi, 1997) derived from the Sardo-Corso massif, where large igneous crystalline masses were exposed (Parea, 1965; Valloni and Zuffa, 1981; van de Kamp and Leake, 1995). Samples are cemented with quartz and calcite (van de Kamp and Leake, 1995). Samples were collected through three beds in a proximal area (Figure 1D) and two beds in a distal area (Figure 1D) at 50 cm intervals or at major lithological changes. Beds in the proximal area are 0.3–1.6 m thick and beds in the distal area are 1.5–2.2 m thick. This formation is well lithified with sandstone samples very difficult to take with a hammer and chisel. Wider spacing in sampling was necessary due to the difficulty in removing samples and time constraints in the field.
From the distal area, Mount Ramaceto:
- GOT A B13 S3- Location ‘A’ is in the vicinity of Log F (Fonnesu et al., 2018), B13 is Bed 13 of (Fonnesu et al., 2016; Fonnesu et al., 2018), sample 3 is from a mud clast-rich section of the lower sand-rich division of a hybrid event bed (H1).
Nomenclature for Samples
The samples collected in the field were subsampled in various ways and using several methods. For clarity, we describe sample terminology for field samples, large and small subsamples, and aliquots below.
Field Samples
These are samples taken directly from the beds in the field at 20 cm intervals in the Castagnola and Marnoso-Arenacea Formations and at 50 cm intervals in the Gottero Formation. Due to the debritic nature of the deposits, some heterogeneity within field samples was unavoidable. Field samples weighed between 50 and 1,000 g.
Large or Small Subsamples
Subsamples are taken directly from field samples. A small (0.5–5 g) or large (5–10 g) piece is gently hammered from the field sample and then disaggregated for grain size analysis. Effort is made so that the piece chosen looks representative of the whole sample. Small subsamples (designated ‘S’ in Supplementary Table S1) can be directly introduced into a laser particle size analyser (LPSA) in one batch without the need for further subdivision (see obscuration limitations below for explanation on sample size). Large subsamples (designated ‘L’ in Supplementary Table S1) are over the obscuration limit and must be further split into aliquots before processing with the LPSA.
Aliquots
An aliquot is a subdivision of the larger subsamples that is sufficiently small to be introduced directly into the LPSA. These are sampled using the pipette or stirrer method (outlined below) for wet samples disaggregated with the ultrasonic bath method, or the riffle splitter for dry samples disaggregated with the SELFRAG method. Aliquots are placed directly into the laser diffraction grain-size analyser for measurement.
Equipment and Techniques Used
Samples were taken from the formations described above and disaggregated. The full method for disaggregation can be seen in Figure 2. Equipment used can be seen in Figure 3.
[image: Figure 2]FIGURE 2 | Flow chart depicting entire workflow of study, including sample disaggregation methods, grain-size analysis and data processing. Each method is further explained in the text.
[image: Figure 3]FIGURE 3 | Key equipment used in this study (A) Mastersizer 3000 laser diffraction unit with wet dispersal system. (B) SELFRAG selective fragmentation machine and (C) ultrasonic bath. For use of equipment see methods flow chart in Figure 2.
Mechanical Disaggregation
Two mechanical disaggregation methods were used in this study: an ultrasonic bath and a SELFRAG machine (Figure 2).
Ultrasonic Bath
Ultrasonic baths (Figures 2, 3) use ultrasonic vibrations to break aggregate sediment apart along grain boundaries. Ultrasonic sound waves radiate through the water bath causing alternating higher and lower pressures (Figure 3C). During the low-pressure stage, microscopic bubbles form and grow, increasing cracks along grain boundaries until they eventually break apart. This has been used as a rapid and efficient sediment disaggregation method for many decades (Edwards and Bremner, 1967; Walker and Hutka, 1973; Rendigs and Commeau, 1987). There is very low risk of quartz grains being abraded and minor risk for feldspar and mica grains (Hayton, et al., 2001) and, overall, this is considered a gentle method of disaggregation with low risk of breaking sediments beyond grain-boundaries. This method is therefore used as the primary tool for disaggregation and only when unsuccessful should the SELFRAG be used. The steps for disaggregation in the ultrasonic bath method can be seen in the dark blue boxes in Figure 2. Samples took from 10 min to 1 h to be disaggregated in total. Despite this method being relatively mild, there is still the possibility that grains are broken down beyond natural grain boundaries and therefore made artificially ‘finer’ if it is overused (discussed further in “Sensitivity Test”below).
SELFRAG
A SELFRAG is a high-voltage-pulse fragmentation machine (Figures 2, 3B). This instrument can generate 90–200 kV with the number of pulses set by the user and is used on samples up to ∼1 kg. The sample is placed in a vessel and energy is discharged by electrodes with water used as a conductor. User-controlled settings are: number of pulses; discharge voltage (90–200 kV), i.e., energy per pulse; electrode gap (10–40 mm); and frequency of discharge (1–5 Hz). It works most efficiently on coarser grain-sizes (van der Wielen, et al., 2013) and was therefore used on sand-rich samples in this study. This method of disaggregation has traditionally been used on ore minerals (Wang, et al., 2011; van der Wielen, et al., 2013) and for fossil preparation (Saini-Eidukat and Weiblen, 1996). In this study we started with a lower number of pulses (e.g., 20–50) and discharge voltage (100–140 kV) and repeated as necessary to disaggregate.
Chemical Disaggregation
Sodium Hexametaphospate
Sodium hexametaphosphate (NaHMP) was added to samples after disaggregation in the ultrasonic bath or in the SELFRAG (Figure 2). This chemical is commonly used as a dispersant, not only in grain-size separation (Maithel, et al., 2019; Sperazza, et al., 2004) but in pigmenting and dyeing operations, in oil well drilling muds, and as a water softener (van Olphen, 1977; Andreola, 2006). The NaHMP solution separates clay particles, preventing them from bonding together to form ‘flocs’ through forming soluble undissociated complexes with many cations which prevents the flocculation effects (Wintermyer and Kinter, 1955). In this study we use a solution of 0.5% NaHMP in water, within the range of 0.025–0.06 g per 100 cc (Chilingar, 1952), with roughly 20 ml added to each sample. Samples are left in the NaHMP solution for 24 h before analysis.
Laser Diffraction Analysis
In this study, grain-size analysis was conducted using the Malvern Panalytical Mastersizer 3000 particle size analyser (Figures 2,3). Laser-diffraction size analysis is based on the principle that particles of a given size diffract light through a given angle, with the angle increasing as particle size decreases. The Mastersizer 3000 uses two different light sources to analyse the entire granulometric range light sources to analyse the entire granulometric range. In particular, there is a red laser with Ne-He source producing a radiation with 632.8 nm of wavelength and a blue laser emitted by a LED source with a characteristic wavelength of 470 nm. These light sources pass through a sample cell containing an upward moving suspension and the diffracted light is focused onto detectors (Figure 3A). The grain-size distribution is calculated from the light intensity reaching the array of detectors. The Mastersizer 3000 uses the full Mie theory to calculate grain-size, which completely solves the equations for interaction of light with matter. Mie theory requires the knowledge of the: Refractive Index (RI) of the grains—this value relates to the speed of light within the material, which in turn allows the degree of refraction (light bending) to be predicted when light passes from one medium to another—and the Absorption Index (AI)—a number that describes the amount of absorption that takes place as the light enters the particle. For this study the value of quartz was used with a RI of 1.54 and AI of 0.01. The size distribution is measured while the suspension is continuously pumped around, which ensures random orientation of most particles relative to the laser beam so that the equivalent spherical cross-sectional diameter is measured. The Mastersizer 3000 measures particles in the range of 10 nm–3,500 μm. This study used a wet-dispersion unit, which circulates the mixture of water and sample through the glass cell. Mie theory also assumes that the particle is spherical, therefore the grain-size results correspond to the equivalent diameter of the sphere of a grain. This means that the same grain-size will be given if two particles have the same volume but vary significantly in sphericity and roundness, allowing for more accurate comparison of grain size within and between samples. This also does not compare directly to sieving because sieving compares the b-axis of grains. The Mastersizer 3000 was set to measure each aliquot three times whilst it circulates through the glass cell, which is standard procedure to ensure that repeated measurements of the same aliquot are consistent. If these three measurements are consistent with each other, their average is used for analysis. Reasons for inconsistency could be flocculation of clays or dissolution of material during measurement. Dissolution is not relevant here because the sediment is stable, and to prevent clay flocculation during measurement an internal ultrasonic instrument was turned on during measurements. Deionized water was used for sample processing. Although the Mastersizer 3000 is used in this study, our results are broadly applicable to other brands of LPSA instruments.
RESULTS AND METHOD DEVELOPMENT
The ideal grain-size analysis method is one that provides the ability to analyse several hundred samples within a reasonable timeframe, while remaining as accurate as possible. In order to establish the ideal sample preparation and measuring procedure, several different methods of sample preparation are compared. The steps investigated here focus on 1) disaggregation of lithified samples, and 2) subsampling of disaggregated sediment for laser particle size analysis. Disaggregation methods include an ultrasonic bath or high voltage electrical discharges (SELFRAG). Presumably, large samples (∼5–10 g when dry) would provide the most representative grain size distributions that span the full range of grain sizes within a given field sample, however, large subsamples typically exceed the obscuration limit (the level at which the lasers can no longer shine clearly through the sample and water mixture) of laser particle-size analysers. Division into aliquots is therefore necessary prior to running samples through the LPSA. Aliquot methods compared below include subdividing lithified samples prior to disaggregation or subdividing wet samples after disaggregation using either a) the stirrer method, or b) the pipette method, described below. A sub-sampling method for dry samples using the SELFRAG method is discussed later.
In order to compare results between various methods, and whether differences between methods is comparable to the natural variability within the samples themselves, we use the two-sample Kolmogorov-Smirnov test (KS test; Chakravarti et al., 1967) to test whether samples are statistically likely to come from the same distribution. In the KS test, the null hypothesis is that both samples come from a population with the same distribution. A high p-value therefore suggests that two distributions could be generated from the same population and a low p-value suggests the distributions are significantly different from each other. The typical significance threshold for p-values is taken as 0.05, however as illustrated by Supplementary Table S2 the p-values for all samples compared to other samples are quite high (rarely <0.1). This is likely because we are comparing samples with extremely similar distributions to one another, so statistically they are all similar. However, we can qualitatively take the p-values as an indication of how similar the distributions are to one another, with the understanding that small changes in p-value are not particularly meaningful but samples with very low p-values (e.g., p < 0.3) are likely less similar than those with very high p-values (e.g., p > 0.9).
Obscuration Limits
The suggested obscuration limits for the Mastersizer 3000 are roughly between 8 and 24% (Figure 4). The obscuration of the sample depends on the number of grains in the sample. Finer-grained samples therefore provide a higher obscuration for a given sample weight. During the measurements of this study, results were reliable with lower (3–8%) obscuration, especially with mud dominated samples, as well as with a much higher obscuration (up to 45%). Blott et al. (2004) also found that reproduceable results can be obtained with lower than recommended obscuration values. An obvious change within the grain size distribution was observed if obscuration values were too high (Figure 4), with results showing an additional smaller peak in grain sizes <0.1 µm, which is considered unreasonably small for these samples because it is not recorded in any reliable measurements. For samples with fewer grains or finer grain-sizes, increasing the measurement time for each sample may help to improve measurement accuracy, however for this study the standard measurement time of 10 s was kept throughout for consistency.
[image: Figure 4]FIGURE 4 | Volume frequency and cumulative frequency graphs showing two versions of the same subsample: the green with too much material added to the Mastersizer, resulting in obscuration that is above reliable measurement, and the blue showing a sample that is within obscuration limits. Data are from the Marnoso- Arenacea Formation. (A) Location Coniale 1, Bed 2 (Amy and Talling, 2006), Sample 4, interpreted as a turbidite. The acceptable obscuration in blue is 20.61%, the high obscuration in green is 26.46%. (B) Location Coniale 2, Bed 0.4 (Amy and Talling, 2006), Sample 7, interpreted as a hybrid event bed. The acceptable obscuration in blue is 19.74%, the high obscuration examples are 44.21 and 44.66%. For details Supplementary Table S1.
Sensitivity Test
In order to understand the efficacy of the ultrasonic bath in disaggregating sediments, a time trial was undertaken by measuring the grain size of the same sample after increasing intervals of time in the ultrasonic bath (Figure 5). This was also important to assess whether the ultrasonic bath was significantly breaking down grains beyond grain boundaries if left in the ultrasonic bath for a longer time period than necessary for disaggregation.
[image: Figure 5]FIGURE 5 | Volume frequency and cumulative frequency graphs showing timing tests for sub-samples and aliquots processed using the ultrasonic bath method. Supplementary Table S1 for full data results. (A) Field sample II B 209 S9, Large Subsample A- aliquots extracted using the stirrer method every 10 min to establish how the result changes with more time disaggregating in the ultrasonic bath. (B) Field sample II B209 S9, Subsample B,C,D,E - Small subsamples, sample tested every 10 min from 20 min to establish how result changes with more time in the ultrasonic bath disaggregating. (C) Comparison of results from (A,B) to demonstrate similarities and differences. (D) Field sample V B209 S22, Large Subample - aliquots extracted using the stirrer method, testing one sample every 10 min to establish how the result changes with more time disaggregating in the ultrasonic bath.
This trial was undertaken with two field samples (Figure 5): II B 209 S9 (Figures 5A–C), a sand-rich sample from the Castagnola Formation; and V B209 S22 (Figure 5D), a more silt-rich sample from the Castagnola Formation. Both samples were calcite cemented. For each of these field samples, a large subsample was put into a beaker with 50 ml of NaHMP solution and placed into the ultrasonic bath. Every 10 min, an aliquot was taken from the beaker and placed into the LPSA for analysis, allowing for comparison of how the grain-size distribution changed with increasing time in the ultrasonic bath. The grain-size curves initially get slightly finer through time, which we interpret as a record of larger grains disaggregating with more time in the ultrasonic bath. Eventually, around 70 min for V B209 S9 and 40 min for II B209 S9, the curves maintain similarity despite additional time in the ultrasonic bath, indicating that the samples are fully disaggregated and the distribution is remaining stable with any additional time in the ultrasonic bath. Moreover, after 20 min for V B209 S9 and 10 min for II B209 S9, the minimum grain size is stable, indicating that clay particles aren’t further broken down by further time in the ultrasonic bath and therefore no micro-fragmentation is occurring.
For Field sample II B209 S9, an additional timing test was conducted by taking 4 small subsamples (B—D in Supplementary Table S1) and each small subsample was given 20, 30, 40, and 50 min in the ultrasonic bath, respectively, and placed directly into the LPSA for analysis. This removed any potential bias tied to repeated aliquot sampling but increased potential uncertainty about whether changes in grain size were due to natural sample variability or degree of disaggregation. Overall, very little difference can be seen between the results of these subsamples (Supplementary Table S1; Figure 5B), showing that after 20 min in the ultrasonic bath the sample is well disaggregated. When the data is examined in detail (Supplementary Table S1) some evidence of further disaggregation can be noted; The d50 decreases through time from 83 to 65 μm. This change in average appears to be mostly due to a decrease in the larger grains (d90) change from 271 to 255 μm) and to a lesser extent by a slight increase in fines (d10) changes from 5.38–4.8 μm, and increase in clay % from 7.03–8.01%). Despite this overall increase in clay and silt the minimum grain size is stable after 20 min for all samples, indicating that micro-fragmentation and breakdown along grain boundaries is not occurring.
Both sets of tests (A–C and B–D) indicate that the ultrasonic bath effectively disaggregates lithified siliciclastic rocks. Furthermore, there is no apparent concern in “over-sonicating” samples and damaging grains and the length of time needed to fully disaggregate samples will vary based on sample size, lithology, degree of cementation and modal composition. However, care should be taken with biogenic sediments because they may be at greater risk of ‘over-sonication’.
Aliquot Methods for Large Subsamples
Large subsamples weighing ∼ 5–10 g were used in order to get a representative grain size distribution for measurement. These large subsamples were placed into 50 ml centrifuge tubes with 20 ml of NaHMP solution, disaggregated with the ultrasonic bath method (Figure 2), and left for 24 h. These subsamples were too large to be processed in one pass with the Mastersizer 3000 because they would increase the obscuration beyond measurable levels (see above). Two aliquot sampling methods were therefore tested for wet dispersions and the average of all measured aliquots for a given large subsample were compared to one another in order to establish the reliability of each method.
The two aliquot sampling methods used were the stirrer method and the pipette method, outlined below.
Aliquot Sampling Method
The challenge of extracting representative aliquots from samples is not trivial, and a consistent methodology does not exist within the sedimentology community. Two common aliquot sampling methods are evaluated here: the pipette method, in which a pipette is used to agitate and then extract material from a centrifuge tube, and the stirrer method, in which the samples are placed in a beaker and a magnetic stirrer creates a suspension from which aliquots are extracted. These methods are explained in more detail below. In order to validate both the pipette and stirrer methods, two different forms of each method were evaluated using field sample V B209 S22 from the Castagnola Formation (Figure 6). This sample was collected from an argillaceous section at the top of a hybrid event bed (H5 of Haughton et al., 2009). Results are documented in Supplementary Table S1; Figures 6, 7. Three large subsamples (A, B, and C) were used for method comparison (Figure 7).
[image: Figure 6]FIGURE 6 | Volume frequency and cumulative frequency of aliquots for mud-rich field sample V B209 S22 using various trial methods. See text for full details. (A) Average results for all trial methods for comparison. (B) Individual results and average for the ‘Stirrer centre’ method. (C) individual results and average for “Stirrer base to top” method. (D) Individual results and average for ‘Pipette settled’ method. (E) Individual results and average for ‘Pipette agitated method’. For full data Supplementary Table S1, for corresponding p-values Supplementary Table S2.
[image: Figure 7]FIGURE 7 | Volume frequency and cumulative frequency of aliquots for mud-rich field sample V B209 S22. These are further tests using the stirrer method and small samples to compare to subsample A results in Figure 6. (A) Small sub-samples D, E, F, G and average small sample result. (B) Sub-sample B, Stirrer aliquots 1-4 and average of aliquots. (C) Sub-sample C, Stirrer aliquots 1 and 2, and average of both aliquots (D) Averages of subsamples A, B and C, compared to an average of all of these sub-samples and an average of the small samples. For detailed results Supplementary Table S1, for p-values Supplementary Table S2.
Trial 1: Stirrer “Centre”
Subsample A was placed in a beaker with a NaHMP solution and mixed with a magnetic stir plate. The rotation of the stirrer was increased until all grains appeared to be in suspension. A 7 ml pipette with a 3 mm opening was used to extract an aliquot, approximately halfway up the sediment/water mixture and halfway between the centre and the outer edge of the beaker. Three aliquots were measured for comparison.
Results (Supplementary Table S1; Figure 6B): All recorded parameters for aliquots A Stirrer Centre 1, two and 3 are very similar. Calculated p values between the three aliquots (Supplementary Table S2) give values of 0.9999–1.0000 (at 4 decimal places), showing this method to be highly replicable.
Trial 2: Stirrer “Base to Top”
Stirring plates were set up as above, with the remaining subsample A prepared in a beaker and the rotation of the stirrer increased until all grains appeared to be in suspension. A 7 ml pipette with a 3 mm opening was then used to extract an aliquot by placing it halfway between the centre and outer edge of the beaker and sampling while moving it upwards from the base to the top of the beaker.
Results (Supplementary Table S1; Figure 6C): All recorded parameters for aliquots “A stirrer base to top” 1, 2 ,and 3 are very similar. Calculated p values (Supplementary Table S2) give values of 0.9999–1.0000. This shows this method to be highly replicable. When comparing between the “centre” and ‘base to top’ methods, p values are between 0.9956 and 1.0000, with a p value between the averages of each method of 1.0000. Therefore, little difference can be noted between these two methods for aliquot sampling, and both are replicable and representative of the subsample. This also suggests that potential grain-size stratification within the suspension was not significant.
Trial 3: Pipette “Settled”
Grains were left to fully settle to the base of the of the beaker, without any stirring. A 7 ml pipette with a 3 mm opening was inserted into the base of the mixture and whilst collecting the sample slowly moved upwards until the pipette was out of the sediment/water mixture.
Results (Supplementary Table S1; Figure 6D): Results from this method (‘A Pipette settled’ 1, 2 and 3, Supplementary Table S1; Figure 6D) were highly variable. The d50 results were considerably lower when compared to both stirrer methods, with the clay content up to 28% higher than in the stirrer method. p values for comparisons between samples (Supplementary Table S2) are 0.2713–0.4938. This is still above the 0.05 range suggesting that these results are not statistically significantly different, but is less so than the other trialled methods. Therefore, this method is considered less reliable and replicable.
Trial 4: Pipette “Agitated”
For this trial, the remainder of subsample A was placed into a 50 ml centrifuge tube. A 7 ml pipette with a 3 mm opening was inserted into the mixture and pumped vigorously and continuously until all sediment was in suspension. An aliquot was then quickly taken by moving the pipette from the base of the centrifuge tube upwards through the mixture while sampling.
Results (Supplementary Table S1; Figure 6E): All parameters from aliquots ‘A pipette agitated’ 1, two and 3 are very similar. Calculated p values (Supplementary Table S2) between aliquots are 0.7695–1.0000. So, although this method is not as replicable as either stirrer method, it is still sufficiently replicable. When compared to the pipette settled method, p-values are 0.0219–0.1317 ranging below the 0.05 limit of statistical significance, again indicating that the Pipette settled method is less reliable.
Outcomes From Aliquot Trial Methods
Overall, the “centre” method for the stirrer and the ‘agitated’ method for the pipette are the most replicable methods for the stirrer and pipette, respectively (Figure 6A). These are therefore the methods used when “pipette” and “stirrer” methods are referred to hereafter. Because the stirrer method was the most replicable, additional subsamples (B & C) were used to re-test this method for comparison and to further interrogate its reliability.
Additional Stirrer Samples
Subsamples B and C (Supplementary Table S1) were taken from field sample V B209 S22 for further testing using the stirrer (centre) method (Table 1; Figures 7B–D).
Comparisons of aliquot results between subsamples A, B, and C show very little difference in d50 or any other measured parameters (Supplementary Table S1). An anomaly is seen in the Average Standard Deviation (ASD) of B stirrer 1, which may be due to an anomalously large grain incorporated into this first pipette aliquot, but it does not seem to have significantly altered the d90 (57.5 μm compared to average 54.9 μm values) or clay and silt percentages (92.00 compared to 93.12%). This is further distinguished by the p-values in B Stirrer one compared to all other B aliquots, which range from 0.3722–0.4938, whereas comparisons between B aliquots 2, 3 and 4 provide p-values of 1.000 (Supplementary Table S2). This indicates that averages of multiple aliquots are important to avoid any small anomalous results likely due to picking up one or two large grains.
p-values comparing “A stirrer (centre)ˮ average and “C stirrer (centre)ˮ average are 0.9999 (Supplementary Table S2). When A Stirrer and C Stirrer are compared to the B Stirrer average values the p-value is from 0.4938 to 0.6307 (Supplementary Table S2), due to the issue with the 1st aliquot in B. Overall, this stirrer method is still judged to be reliable, but care should be taken and multiple aliquots should be used and averaged to reduce risk of anomalous grains skewing results.
Small Subsample Comparison
Small Subsample Method
When evaluating aliquot sampling methods, it is important to understand natural variability within samples in order to ensure that changes are due to sampling methods and not real variability between subsamples. As discussed above, large subsamples (roughly 5–10 g) were used initially to get a representative sample that might account for slight heterogeneity within samples. Next, we investigate measurement differences between disaggregating smaller subsamples (0.2–2 g) that could be run in one batch and do not require aliquot subsampling, therefore speeding up the measurement process and potentially reducing bias introduced during the extraction of aliquots. Small subsamples ranging from 0.2 to 2.0 g were taken from field samples, with sandier samples on the large end of that range and muddier samples on the small end because mud and silt have a greater effect on obscuration and therefore require less material for measurement (Figure 2). These samples were placed in a small centrifuge tube (15 ml) along with 10 ml of NaHMP solution. The centrifuge tubes were placed in the ultrasonic bath until the samples were fully disaggregated (Figure 2). Disaggregation was determined by eye and by inspection under a microscope. The samples were then left for 24 h to ensure clays were deflocculated. Results for this method were compared to the average of subsamples for the “large subsample” methods above in order to compare natural variability between samples in the absence of any potential biases introduced through aliquot subsampling.
Small Subsample Results
Four small subsamples were taken from the same field sample used in previous trials, V B209 S22, designated D, E, F and G (Table 1; Figures 7A,D). These four small subsamples showed little variation from each other in d50 (varying from 16.2 to 17.1 μm) or the clay percentage which varied from 15.48 to 16.48% (Supplementary Table S1). KS test comparisons between the small samples provided p-values ranging from 0.9956 to 1.000 (Supplementary Table S2).
The small samples have very similar d50 values to the stirrer results from subsamples A, B and C. KS test comparisons between small subsamples (D–G) and stirrer samples A and C provide p-values greater than 0.9956. When compared to stirrer sample B, the p-values range from 0.2713 to 0.6307, again due to the issues with the first aliquot from the B sample. Overall, this indicates that the small subsample method is as reliable as the large subsample method, provided that the field samples are relatively homogenous. It also does not risk the inaccuracies incurred in the aliquot sampling for the stirrer method (i.e. B Stirrer 1).
Applicability to Sand-Rich Samples
Having validated the best methods for aliquot subsampling and compared these to the small sub-sample method, we now explore the utility of each method with a more sand-rich sample, which may be more susceptible to aliquot biases due to the difficulty in suspending coarser grains. Small and large subsamples were taken from the field sample II B209 S9 (Figure 8; Supplementary Table S1), which is from a dewatered, clast-rich lower division (H1b) of a hybrid event bed (Southern et al., 2015).
[image: Figure 8]FIGURE 8 | Volume frequency and cumulative frequency graphs showing aliquots for sand-rich field sample II B209 S 9, Sub-sample A, showing aliquots from the establish Pipette and Stirrer methods. (A) Stirrer aliquots 1–11 and average of all stirrer aliquots. (B) Pipette aliquots 1–7 and average of all pipette aliquots. (C) Comparison of stirrer and pipette averages and averages for all sub-sample A aliquots. (D) Average of all subsample A stirrers and pipettes compared to 3 small samples (taken from the time test in Figure 5). For detailed results Supplementary Table S1, for p-values Supplementary Table S2.
Three small samples were analysed to provide context for the natural variability within the field sample and to provide a baseline for comparing potential biases introduced with the stirrer and pipette aliquot methods. The small subsamples are overall consistent with one another (Supplementary Table S1; Figure 8D), with p-values ranging from 0.8887 to 0.9998 (Supplementary Table S2) and allow for comparison between pipette and stirrer aliquot methods extracted from a large sub-sample.
From a large subsample (subsample A), 11 aliquots were extracted using the stirrer method (Figure 8A) and seven aliquots using the pipette method (Figure 8B). Overall, the stirrer method slightly underestimates the grain size and the pipette method slightly overestimates the grain size (Figure 8C) when compared to the small samples, which we take here as a representative ‘true’ distribution of the field sample. A general increase in d50 can be noted from the stirrer method aliquots 1–11, ranging from 42.7 to 75.6 μm, however these values are still much lower than the average d50 value of 121 μm from the pipette method aliquots (Supplementary Table S1). The increasing trend in d50 values with continued aliquot sampling is likely due to the tendency for this method to preferentially select finer grains that are more easily-suspended, meaning that continued sampling results in distributions becoming progressively coarser. However, this trend is subtle compared to the differences between the pipette and stirrer methods and the averages of all stirrer and pipette aliquots highlight the tendency for the stirrer method to preferentially select clay and silt while the pipette method preferentially selects sand-sized particles.
The stirrer method is slightly more replicable than the pipette method (Figures 8A–C), however both methods appear to be internally consistent; Grain-size distributions of aliquots sampled from sand-rich samples with the same method—either pipette or stirrer—come with their own biases. Pipette method aliquots are slightly coarser than the average of the whole sample and stirrer method aliquots are slightly finer (Figure 8C). Each method is potentially sufficient depending on whether the focus of the analysis is on fine- or coarse-grained constituents and results from different methods should be compared with caution.
p-values (Supplementary Table S2; Supplementary Material S1) are generally lower for the sand-rich sample (II B209 S9), particularly when compared to the average of all samples. However, many of the stirrer aliquots had high p-values (p > 0.6), particularly those that were sampled in close succession (Supplementary Table S2). The pipette aliquot comparisons show lower p-values, with most aliquot comparisons showing p < 0.2 and many with p < 0.05 (Supplementary Table S2).
A Note on Sample Heterogeneity
To further validate the comparisons between the stirrer, pipette and small subsample methods, analysis was undertaken using a mud-rich sample from the more lithified Marnoso-Arenacea Formation. Field sample C2 B0.4 S7 was taken from the upper mud-rich H5 division (Haughton et al., 2009) of a hybrid event bed. Importantly, this interval is also affected by bioturbation, with sand-filled burrows infilled during emplacement of the bed above. Burrows themselves were not sampled but some contamination was possible. From this field sample, two large subsamples were taken (A and B) and were analysed using both the stirrer and pipette aliquot methods, and 5 small subsamples were taken (C—G) in order to provide a baseline for natural variability within the field sample.
Small subsamples (placed directly into the LPSA with no aliquot subsampling) show significant variability between one another (Figure 9; Supplementary Table S1). With the exception of small samples E and F, which are very similar to each other, the small subsamples have very different distributions from one another. The mud content in these samples ranges from 67.7 to 97.5% and the d50 values range from 8.3 to 34.1 μm. This natural variability within a single field sample highlights the extent to which small-scale heterogeneity can drastically affect grain-size results. Analysing several small subsamples can provide context for how much variability there may be within a single field sample, which in this case can be attributed to the fact that this sample comes from a debritic bed that is bioturbated. Debrites are inherently heterogeneous and bioturbation can add an additional level of variability within field samples. One way to account for sample heterogeneity is to disaggregate larger samples, which may span a wider range of grain sizes and may capture a broader picture of the outcrop itself.
[image: Figure 9]FIGURE 9 | Volume frequency and cumulative frequency graphs for field sample C2 B0.4 S7. (A) Results from subsample A, pipette and stirrer, with average, and sub-sample B stirrer 1 and 2 as well as pipette 1 and 2, with average. An average for both sub-sample A and B combined is also shown. (B) Results for small sub-samples A, B, C, D, E, F, corresponding names small sample 1-5 and an average of all combined. For detailed results Supplementary Table S1, for p-values Supplementary Table S2.
Two large subsamples were disaggregated and analysed using the stirrer and pipette aliquot methods. Subsample A was processed as two aliquots: A stirrer and A pipette (Supplementary Table S1), all parameters measured were very similar except for the ASD which is significantly higher for the stirrer aliquot. Visual comparison of the stirrer and pipette aliquots from subsample A show very consistent results between the two methods (Figure 9) and the KS test provides a p-value of 0.6307 for these distributions. Four aliquots were extracted from subsample B: two stirrer aliquots and two pipettes. The parameters measured for this sub-sample are also very similar between aliquots. Accordingly, the P-vales are between 0.8888 and 1.000. Both subsample A and B are similar to the small samples E and F described above, and both aliquot sampling methods are consistent within each sample, again suggesting that either method can provide dependable results in mud-rich samples.
Comparison of Ultrasonic Bath to SELFRAG Disaggregation
Although the ultrasonic bath is a very useful method for disaggregating most samples, some well lithified samples with quartz cement (such as some from the Gottero Formation) were difficult or sometimes impossible to disaggregate through this method. A SELFRAG machine was utilized to disaggregate these more lithified samples. In order to establish how replicable the SELFRAG disaggregation method is, a sample from each of the 3 formations (Gottero, Marnoso-Arenacea and Castagnola), which vary in lithology and lithification, were compared to corresponding small subsamples disaggregated in the ultrasonic bath.
Method
In order to compare to the samples disaggregated using the ultrasonic bath method, three samples were disaggregated using the SELFRAG method (Figure 2). A significantly larger subsample was selected (roughly 25–100 g) and placed into the SELFRAG vessel and filled with water. The voltage (140 v) and number of discharges (50) was selected for the SELFRAG and the machine was activated. This was repeated until samples were sufficiently disaggregated, determined by feeling with a hand, and the sediment-water mixture was placed into the oven to dry. Dry samples were poured through a riffle splitter until they were deemed of sufficient size to be within obscuration limits for the Mastersizer 3000. This aliquot was then placed into a small centrifuge tube (15 ml) along with 10 ml of NaHMP and left for 24 h to deflocculate clays. Samples were checked under the microscope for disaggregation. These aliquots were then placed into the ultrasonic bath for a few minutes before measurement in the LPSA.
Results Castagnola Formation- VI 208 S2
Results from the three formations vary significantly. The poorly lithified formation (Castagnola Formation; Figures 10A, 11A), shows variable consistency between SELFRAG samples, with p values varying from 0.1317 to 1.0000. When compared to an average of small samples, SELFRAG samples S1-3 results are relatively similar in d10, d50 and d90 values (Supplementary Table S1; Figure 11A). p-values between the small sample and SELFRAG samples range from 0.4938 to 0.6307 (Supplementary Table S2). These results suggest there is some inconsistency in the SELFRAG preparation method, but overall, they compare well to an average of small samples from the SELFRAG method (Figure 11A).
[image: Figure 10]FIGURE 10 | Photos taken under magnification of three samples disaggregated in SELFRAG, results shown in Figure 11. (A) Sample from Marnoso-Arenacea Formation (B) sample from Gottero Formation and (C) sample from Castagnola Formation. For data Supplementary Table S1.
[image: Figure 11]FIGURE 11 | Volume frequency and cumulative frequency graphs for field sample showing comparison of samples disaggregated in SELFRAG and split with a riffle splitter (see text for details) and small subsample (yellow). (A) Example from the Castagnola formation, VI 208 S2 from the lower H1 division of a hybrid event bed. (B) Example from the Marnoso-Arenacea Formation, Location Coniale 2, Bed 0.4 (Amy and Talling, 2006), Sample 7, interpreted as part of the upper debritic portion of a hybrid event bed. (C) Example from the Gottero formation, GOT A B13 S3 from the matrix of a debritic portion, H3, of a hybrid event bed. For detailed results Supplementary Table S1, for p-values Supplementary Table S2.
Results Marnoso-Arenacea Formation- C2 B0.4 S7
The formation with an intermediate lithification (Marnoso-Arenacea Formation, Figures 10A, 11B), shows consistency between SELFRAG samples, with p-values between 0.8888 and 0.9999 (Supplementary Table S2).
When compared to an average of small sample, SELFRAG samples S1-3 shows more significant variation. The d10 and d50 values are relatively similar, particularly between the average small subsample and Selfrag S3 sample, but the d90 values are significantly lower for the small sample as is the ASD (Figure 11B; Supplementary Table S1). Therefore, either the SELFRAG samples are not sufficiently disaggregated during processing, or the small subsample is not capturing the largest grain sizes in the field sample. p-values between the small sample and SELFRAG samples are 0.0878–0.3722.
Results Gottero Formation- GOT a B13 S3
The most lithified formation (Gottero Formation, Figures 10C, 11C), shows variability between SELFRAG samples 1–3, with p values varying from 0.0130 to 0.4938 (Supplementary Table S2). When comparing these SELFRAG samples to an average of small subsamples, d50, d90 and d10 values for the SELFRAG samples are all significantly higher than for the small subsamples. Again, the higher d90 value indicates that the SELFRAG samples are not sufficiently disaggregated during processing, or the small sample is not capturing the largest grain sizes in the field sample. The lower percentages of silt and clay volume for the SELFRAG samples, may be an indication that the SELFRAG is not sufficiently separating the finer portion from these well lithified samples. p-values between the small sample and SELFRAG samples show 0.0878–0.7695.
Recommendations
Overall, there is a general trend that the poorly lithified formation is efficiently disaggregated using the SELFRAG method, but the formation of intermediate lithification and the more lithified formation show more variability in statistical similarities. For the latter two formations, this trend is particularly noticeable in the d90 values, which are significantly higher for the SELFRAG samples. This indicates that either the SELFRAG is not sufficiently disaggregating the most lithified samples or that the small samples from the most lithified formation are not accurately including the full range of grain sizes in the sample, particular the coarse grain-sizes. Further samples are needed to establish this. As this method could be highly beneficial for use with samples too cemented to be disaggregated in the sonic bath, this method is still recommended for use when necessary but must be used with caution and some trial for reproducibility.
Comparison to Thin Section Grain-Size Analysis
Method
Three samples are used to compare thin-section analysis with laser particle-size analysis: two from the Marnoso-Arenacea Formation and another from the Castagnola Formation (Figure 12). Three to five images were analysed for each thin section by measuring the long and short axes of individual grains. A grid was displayed over each image and each grain at the intersection of the vertical and horizontal lines was measured in order to assure grains were randomly selected. This measurement was undertaken manually by one single user for consistency of method.
[image: Figure 12]FIGURE 12 | Volume frequency graphs from Mastersizer data compared to volume frequency graphs plotted from thin section measurement. The grain-size at the 10th, 50th and 90th percentile for the Mastersizer curve (MS) and from thin-section (TS) are shown in the inset graph. Data less than 20 µm were removed from the Mastersizer for more accurate comparison with thin section. Representative photos are shown for each thin section. (A) Example from the Marnoso-Arenacea Formation, location Coniale 1 (Figure 1B), bed 2, sample 1, collected from a sand-rich turbidite (Amy and Talling, 2006). (B) Example from the Marnoso-Arenacea Formation, location Coniale 2 (Figure 1), bed 1, sample 5B, collected from a clast within a hybrid event bed (Amy and Talling, 2006). (C) Example from the Castagnola Formation from log IV, bed 210 (Figure 1B), sample 5, collected from the sand-rich base of a hybrid event bed (Southern et al., 2015).
Grains from thin section are not a direct comparison to those from laser diffraction analysis because Mie theory gives results as volume equivalent spheres. Therefore, we can assume that a volume calculated from long and short axis measurement from the thin section will only show an approximation for any individual grain compared to the laser diffraction analysis. Due to the random cut of thin sections through grains, it is unlikely that the true long axis or short axis is captured. Long- and short-axes for 152–376 grains were measured for each thin section. To estimate the volume of each grain, the long axis was used as length, the short axis as the height and short axis again as the depth. The volumes were used to calculate a volume percentage of the whole for each grain in order to compare more directly with LPSA results. Grains were grouped into bins of 60 µm starting from 20 µm which was selected as the smallest reliable measurable value in thin-section. Results were then plotted at the midpoint for each distribution. There is some error involved in the comparison of volume distribution graphs between thin-section and LPSA results due to the large size of these bins.
Additionally, there is some human error involved in the manual measurement of grain-size in thin section. No grains under 20 µm were measured and grains under 100 µm are likely significantly underrepresented due to difficulty recognising and measuring these smaller grains. In order aid comparisons, LPSA results have been recalculated omitting grains <20 μm, therefore simulating measurements where finer grains are unmeasured. These LPSA curves are then compared to the thin section results (Figure 12). Unlike the LPSA samples, where calcite cement may have dissolved in the preparation process or be disaggregated, cement is still present in the thin sections. This cement is identified using cross-polarised light and therefore omitted from any measurement.
Results of Comparison
Thin Section 1- Marnoso-Arenacea Formation (Bed 2, Turbidite).
This section is the from the Marnoso-Arenacea Formation, location Coniale 1 (Figure 1B), bed 2, sample 1, collected from a sand-rich turbidite (Amy and Talling, 2006). Grain size curves and d10, d50 and d90 values are shown in Figure 12A.
Description
Grain size curves are broadly similar for the coarser values, although a distinct finer tail can be shown in the LPSA data, which is not seen in the thin section data (Figure 12A). The thin section curve is shifted coarser by 60 µm for the silt to very fine sand component and 10 µm for the fine to coarse sand component, with the peak shifting 100 µm coarser for the thin section data (from very fine to fine sand). The d10, d50 and d90 values are all significantly higher for the thin section compared to the LPSA (Figure 12A). The d10 value varies from coarse silt in the LPSA results to very fine sand in thin section. The d50 value varies from very fine sand in the LPSA results to fine sand in the thin section. The d90 value varied from fine sand in the LPSA results to medium sand in the thin section.
Thin Section 2- Marnoso-Arencea Formation, Clast (Bed 1, Hybrid Event Bed).
This section is the from the Marnoso-Arenacea Formation, location Coniale 2 (Figure 1B), bed 1, sample 5B, collected from a rip-up clast within a hybrid event bed (Amy and Talling, 2006). Grain size curves and d10, d50 and d90 values are shown in Figure 12B.
Description
The grain size curves are broadly similar shapes for the coarser grain-size fraction (>100 µm) but differ significantly for the finer fraction (<100 µm). The data from the LPSA and the thin section indicate that this sample has a larger portion of clay and silt grains compared to the previous sample (Figure 12A). The finer tail and significant silt portion shown in the LPSA curve are not seen in the thin section curve. The grain sizes greater than 300 µm are a similar volume distribution for both the LPSA and thin section curves. A double peak is seen in the thin section curve that is not apparent in the LPSA curve. The tallest peak is around 100 µm coarser for the thin-section curve (from fine to medium sand). The d10, d50 and d90 values are all significantly higher for the thin section compared to the LPSA, with the d10 value varying from medium silt in the LPSA to fine sand in thin section and the d50 value varying from very fine sand in the LPSA to fine sand in the thin section. The d90 is medium sand for both the LPSA and the thin section curves.
Thin Section 3- Castagnola Formation (Bed 210, Hybrid Event Bed).
This sample is from the Castagnola Formation from log IV, bed 210 (Figure 1B), sample 5, collected from the sand-rich base of a hybrid event bed (Southern et al., 2015). Graph of data and d10, d50 and d90 values are shown in Figure 12C.
Description
The LPSA and thin-section curves are broadly similar shapes for the coarser portion, with the thin section missing the finer tail present in the LPSA curve (Figure 12C). Both curves have peaks at fine sand grain sizes. Like the previous examples, the d10, d50 and d90 values are all higher in the thin section analysis, although they are most similar out of all three examples. The d10 value varies from coarse silt in the LPSA to very fine sand in thin section. The d50 value is fine sand for both the LPSA and thin section curve. The d90 is medium sand for both the LPSA and the thin section curve.
Interpretation
Overall, there are significant differences between the LPSA and thin section grain-size distributions. Most importantly, the thin section curves are missing the finer tail present in the LPSA data and correspondingly all graphs show significantly coarser d10, d50 and d90 values. Major differences between LPSA and thin section results could arise from difficulty in measuring small grains in thin section, volume approximation methods, spherical grain assumptions made by the LPSA, and error introduced by sample preparation prior to LPSA analysis. The higher d10 values likely result from the difficulty in accurate measurement of silt-sized grains and the smaller sample size of grains measured in thin section. This is most notable in thin section 2 (Figure 12B), which is the most clay/silt-rich (according to the LPSA data and images). This in turn affects the d50 and d90 values, with distribution weighted more towards the coarser grains in the thin section. Additionally, the method used to create a volume approximation could be influencing the result. Using the long axis and the short axis twice is a best estimate and may not result in realistic volumes for each grain. The double peak apparent in the thin section 2 curve (Figure 12B) is likely a result of the lower number of grains counted (262) compared to thousands in the LPSA as well as the grouping of samples into 60 µm bins. The angularity of the grains is likely not a large factor, as all three samples appear to be of similar angularity (sub-angular to sub-rounded, Figure 12). There is a possibly that the finer-grained LPSA values, both the increased fine-grained component and the decreased maximum grain size, could result from sample breakdown beyond grain boundaries in the preparation process for the LPSA, but due to the replicability of samples in the LPSA this is unlikely.
Despite all effort being made to take field samples within proximity of each other, some natural variation between samples is possible, particularly from thin-section 2 (Figure 12B) which is from a clast within a hybrid event bed. Due to the large sample size needed to make a thin section, samples can be estimated as only being within the same 20 cm section of each bed. It is therefore possible that, like for the large and small subsamples described above, some differences between thin section and LPSA curves represent real variation between samples.
The comparison between thin section and LPSA results suggest that care should be taken when comparing grain-size analysis methods to one another. While trends within a given method may be meaningful, specific values of d10, d50, or d90 may vary significantly between methods. Thin sections in this study underestimate the silt-sized fraction and were unable to measure clay fraction, which results in a coarse-grained shift in cumulative grain size values (e.g., d50).
DISCUSSION AND RECOMMENDATIONS
Aliquot Methods
Overall, aliquots measured using the stirrer method were more replicable than the pipette method. This is likely due to the mechanisation of the stirrer being more consistent than manual pumping with the pipette when dispersing grains into suspension. However, individual aliquots can show inaccuracies due to a few anomalously large grains. One way to avoid this potential error is to take a large subsample and continue to extract aliquots until the entire sample has been measured. This is the most accurate representation of grain size available because using all of a large subsample allows for more individual grains to be measured. By averaging multiple subsamples there is also less risk of an anomalous aliquot or measurement error interfering with the dataset. However, using a very large number of aliquots (>6) will significantly increase processing time.
Large Subsamples or Small Subsamples?
Although larger subsamples give more representative data, smaller subsamples negate any aliquot sampling error and are accurate when compared to an average of large subsamples in most cases. Overall, small subsamples are significantly less time consuming and were sufficiently accurate for the samples in this study. However, it is advised that multiple small samples are measured for a given field sample to account for any potential heterogeneity.
Speed and Accuracy Ultrasonic Bath Method
Overall, samples were highly replicable and therefore the ultrasonic bath method is reliable. The speed at which samples could be processed was a few minutes for the sample preparation, 20 min to 1 h in the ultrasonic bath, 24 h for clay deflocculation, 3 min to run through the Mastersizer 3000 and 1 min for cleaning in between samples. As 10s of samples could be placed in the ultrasonic bath together and left to deflocculate overnight, it was possible to get through approximately 30 samples per day.
Speed and Accuracy SELFRAG Method
Disaggregating samples using the SELFRAG method was much more time consuming than the ultrasonic bath. Approximately 5 samples could be processed in the SELFRAG per day and left to dry overnight. These were then subsampled in the riffle splitter the following day and left in a 0.5% NaHMP solution over a second night before being measured in the LPSA (Figure 2). The results suggest that the SELFRAG method was not fully disaggregating clasts in the most lithified formations, and because the least lithified formations can be more easily disaggregated in the ultrasonic bath method, it is not recommended to use the SELFRAG method without further testing. The SELFRAG method could potentially be used in conjunction with the ultrasonic bath method, however further testing is required.
Comparison With Thin Section
There are many issues with the direct comparison between laser diffraction methods and thin section for grain-size analysis. Most thin section studies use the long axes measured in a 2D thin section, which does not represent the true longest axes of the original grains and will therefore likely underestimate the size of larger sand grains in most cases (Smith, 1966; Sahu, 1968; Johnson, 1994), but will also not accurately capture clay and silt grains. In this study, we attempted to offset this issue through calculating an artificial volume. Other methods for converting 2D to 3D grain-size distributions have been developed (e.g., Heilbronner and Barrett, 2014), but these are not straightforward. In general, results show an overestimation of grain size using thin section analysis, which could be due to using the short axis as both the height and depth, potentially overestimating the z-axis.
Recent work by Maithel et al. (2019) comparing laser diffraction and thin section analysis for sandstones found a good comparison between their results, with the laser diffraction being slightly coarser overall, which was expected because they used the long-axis method in thin section. The difference between the medians for thin-section and laser-diffraction data sets (based on average grain sizes for each sample) was 33.7 µm. They hypothesised the difference could be due to numerous variables such as natural sample variation and sources of error or potentially due to measurement of quartz overgrowths in disaggregated samples. The more consistent relationship between laser diffraction and thin-section methods by Maithel et al. (2019) compared to this study is likely to due to the removal of fines in their sample preparation stage. Silt particles are underrepresented in thin section measurements and clay was not measured at all. Despite this, Maithel et al. (2019) did also find issues relating to disaggregation quality and correspondence with thin section samples, like those demonstrated by the SELFRAG samples in this study. Overall Maithel et al. (2019) conclude that consistency between their laser diffraction and thin section results confirms the robustness of both methods for textural analysis, which may be the case when using only sand-sized grains, but which this study demonstrates is not the case when including silt and clay.
Issues With Clays
In comparison with thin-section analysis, the LPSA was more accurate in documenting the presence of silt and was able to measure clay particles. Although this is likely missing in the thin section analysis due to the limitations of the method, some studies (Buurman, et al., 1997; Buurman, et al., 2001) have shown that laser diffraction methods can inaccurately measure the size of clay and fine silt fractions of a sample. Work carried out using soil profiles (Bah, et al., 2009), suggested that the relationship between clay determined by settling method (e.g., sieve-hydrometer method) and clay determined by laser diffraction analysis may depend on the physical properties of the clay. This can be due to the heterogeneity of sediment particle density and the deviation of particle shapes from sphericity (Bah, et al., 2009). Therefore, in the LPSA, an irregular shaped soil particle reflects a cross-sectional area greater than that of a sphere having the same volume. Thus, particles are assigned to larger size fractions of the particle size distribution and the clay fraction is underestimated. Non-spherical particles in settling methods have longer settling times than their equivalent spheres, which results in an overestimation of the clay fraction. This is likely only a minor consideration when mixed sand, silt, clay samples are used, but should be taken into consideration when exact clay volumes are more pertinent to the study.
What Are the Limits of This Method Overall?
Overall, this study found that the laser diffraction grain size analysis with the Malvern Mastersizer 3000 is generally replicable and reliable for mixed sand-silt-clay samples of varying distributions. The small subsample method is the most time efficient sub-sampling method for analysing datasets with hundreds of field samples, but care needs to be taken to re-run samples that appear anomalous. Despite the accuracy and speed of the small subsample method, there are still some drawbacks. Natural samples will almost always vary spatially, which will add error to the dataset. Despite this drawback, sieving and thin section analysis will also have issues with subsampling and therefore this is a source of error that cannot be completely negated. There is a certain amount of specialist equipment required for laser diffraction grain-size analysis, but this method may be more cost effective when compared to thin section preparation in the long run or labour in processing sieved samples. Users can be trained in the methods described in this study (Figure 2) within a day. Ultrasonic baths are cheap and easily accessible. The SELFRAG on the other hand is a large, expensive, and specialised piece of equipment, which requires more training and has been shown in this study to give variable results. It is therefore not recommended unless access is already available.
CONCLUSION
This study demonstrated that it is possible to produce a reliable and repeatable workflow for disaggregating ancient mudstone and sandstone utilizing an ultrasonic bath for variably cemented samples. This study also demonstrates these techniques are possible on moderately-cemented rocks up to Cretaceous age, opening the opportunity for laser-diffraction grain size analysis on ancient sedimentary rocks. The most efficient samples to run were “small” (0.2–2 g) subsamples, which were found to be sufficiently accurate when compared to an average of “large” (5—10 g) subsamples. Multiple small samples can be run relatively quickly to rule out anomalous results. Alternatively, large subsamples, which are presumably more representative of the entire field sample, can be measured using aliquots obtained with either the pipette or stirrer method. In argillaceous samples, the “agitated” pipette method and “centre” stirrer method were found to be replicable, and the stirrer provided more consistent results in general. In sand-rich samples, the pipette method is slightly skewed towards coarser grain sizes and the stirrer method is slightly skewed towards finer grain sizes, however each method was internally precise.
The SELFRAG method for disaggregation was possible, but due to the large amount of sample needed for this method, drying and splitting the dry sample with a riffle-splitter was time consuming. This method is therefore only suitable with a small number of field samples. Moreover, there were potentially some remaining aggregate grains for the samples from moderately lithified and most lithified formations. Therefore, this method may need to be further developed or combined with the ultrasonic bath method to be fully reliable. However, the SELFRAG does have the potential to allow disaggregation of older and more well-cemented sedimentary rocks.
When compared to thin section analysis, laser diffraction results showed significant differences, including LPSA results being finer due to a more accurate measurement of the silt portion and inclusion of the clay portion of samples. Grain-size of the sand portion was over-estimated in the thin-section analysis, potentially due to the overestimation of the unmeasured z-axis of grains.
Despite some issues, the ultrasonic bath method of disaggregation and measurement using the Mastersizer 3000 has made it possible to measure accurate grain size distributions for hundreds of samples in a reasonable amount of time. Therefore, by following the workflow outlined in this study and using the processing techniques most suitable for the dataset, it is possible to greatly expand the amount of quantitative grain-size datasets for ancient siliciclastic sedimentary rocks.
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