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Abstract

:

Single-step trans-vertical moulds used to prepare grain mounts for SEM-automated-mineralogy based instruments have been shown to lead to more representative sample statistics. For samples that contain a variety of mineral phases, denser phases can settle to the bottom of an epoxy mould during the curing phase. Slicing and polishing a cross section through density-stratified moulds of the sample material can compensate for this. Aliquots from offshore drill well cuttings were prepared using three different methods: (1) traditional epoxy mounting, (2) two-step trans-vertical moulds, and (3) single-step trans-vertical moulds. All were analysed with a FEI Quanta 650 FEG instrument using MLA software with similar acquisition parameters. The results indicate that the single-step trans-vertical moulds are reproducible, lead to more accurate statistics, and yield MLA calculated elemental assays that closely match with data from standard analytical methods. In addition, these moulds can be made in half the time of the two-step trans-vertical moulds, and because of the unique geometry of the custom-made SEM holders, the analytical throughput is doubled. Depending on the size fraction of the well cuttings, the throughput can be further increased by slicing off the remaining epoxy to allow for more samples in the 26x TV holder. A unique cell holder was created to accommodate these trans-vertical samples, allowing them to fit into a LA-ICP-MS instrument such that detailed follow-up microanalyses can be conducted on specific minerals. For instance geochronology can be conducted on grains of interest (e.g., zircons), which had been mapped by the SEM-MLA.
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1. Introduction


Scanning electron microscopy (SEM) based automated mineralogy has become a vital tool for mineralogical research over the last 30 years [1,2]. The standard sample preparation for mineral samples has involved mounting material in a 30–32 mm diameter round epoxy mount and polishing the surface [3]. More recently, trans-vertical mounting has become accepted as a more accurate method for sample preparation in order to avoid bias from density settling [4,5,6,7,8]. A case study is presented here to further support the use of single step trans-vertical mounting to reduce sample bias and increase analysis throughput. In this study, it is demonstrated that the single-step trans-vertical mould can be used to analyse drill well cuttings from offshore Newfoundland, an area containing four fields that account for 5% of Canadian oil production. Mineralogical analysis of drill core cuttings can aid exploration and production in terms of defining paleoenvironments and oil charge history [9]. The new sample holder described herein can accommodate rectangular samples in a laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) facility, to enable in situ geochronological dating of phases, such as zircons and monazites.



1.1. Background of Sample Preparation Methods


An industry standard for the preparation of mineral grain mounts has consisted of adding epoxy to an aliquot of sized material and allowing it to cure in a 30–32 mm diameter cast [3]. However, during the curing process and after the stirring of the particles, denser particles can preferentially sink, leading to a mineralogically stratified sample. If one were to polish the bottom of this sample and then analyse it by the scanning electron microscopy with mineral liberation analysis (SEM-MLA), the resulting 2D surface would be overrepresented in minerals with high density or Z (mean atomic number) phases, while underrepresenting those with low Z values. SEM-MLA is limited to analysing a 2D surface, so any sampling bias on this surface due to this density settling in 30 mm round mounts would be reflected and carried forward in the final results. To account for this bias, trans-vertical sections can be produced and analysed to obtain a more accurate analysis by analysing along the vertical direction in the epoxy, parallel to the settling direction [4,5,6]. However, first iterations of trans-vertical mounts were laborious, as they required multiple steps and two periods of epoxy curing. The only answer to this problem, besides trans-vertical sections, is to mount a smaller amount of sample material (e.g., 0.3 gm) to create a thin monolayer (cf. [9]); the trade-off of this method is fewer sample grains to analyse.



Previously, a single-step method to produce trans-vertical sections was used, which is easily reproducible and yields a sample mould, which is representative of the host rock material [7,8]. This has been used to study iron-ores from the Labrador trough (Newfoundland, Canada) in great detail. Some of the advantages of this method are that this eliminates the need for a two-step preparation method, while increasing instrument throughput due to the new rectangular sample geometry. The revised polishing method for this material also uses a fraction of the consumables during this phase, making it much more economical to prepare these sample moulds [7].




1.2. Drill Cuttings


The material examined in this study was drill (i.e., well) cuttings, which consist of broken rock fragments derived from the drilling of an offshore borehole. The boreholes from which the cuttings were derived had been drilled in the offshore Newfoundland Grand Banks. In contrast with solid drill core, due to their broken, fine-grained disaggregated natures, cuttings material is typically very difficult to use for petrographic and textural studies. Though originally designed for use on mine sites and mining applications, SEM-MLA can provide insight into depositional environments, provenance, and petroleum system potential when applied to sedimentary samples, as first summarised by Sylvester [10] and used by others [9,11,12].



The sample material represented a wide variety of lithologies ranging from sandstone through siltstones and shales to limestones. In many samples, fragments of all these lithologies are mixed together. The grain sizes of the cutting materials analysed in this study ranged from 75 to 180 µm, which is essentially silt to fine sand-sized. Lithic fragments of finer-grained material, such as shale, however, were also observed in the SEM-MLA analysis. As the cutting materials represent broken, crushed rock, medium to coarse sand-sized particles, if present in the well interval, they would be represented in the samples as fragments of larger grains.





2. Materials and Methods


2.1. Sample Preparation


Preparation for MLA analysis of the cutting samples used in this study involved multiple steps. First, the sample material was lightly crushed using a mortar and pestle to break up clumps of sample material and barite drilling mud, but not to disaggregate rock material. This lightly crushed material was then washed with soap and water to remove the barite drilling mud. After washing, the sample material was wet sieved into three size fractions: <75 µm, 75 < x < 180 µm, and >180 µm and subsequently dried under a heat lamp.



The target size fraction for this type of analysis is the 75–180 µm fraction. For each sample, this fraction was representatively split using automatic rifflers until optimum sample weights of 1 to 5 g per separate were produced for each mould type.



For this comparative study, sample moulds were produced in three different manners (Figure 1). A traditional round puck (left) was created by adding approximately 5 g of sample material to a 30 mm wide mounting cup, into which Struers Epofix epoxy was added and stirred with a toothpick. The sample was then allowed to cure overnight. A two-step 30 mm trans-vertical mould (middle) was produced by adding 5 g of material to a cap plug cast, and allowing it to cure overnight. The subsequent day, a trans-vertical section was cut from the mould using an Allied High-Tech rock saw; two of these slices were mounted side by side in a 30 mm-in-diameter mounting cup. Finally, a single-step trans-vertical mould (right) was produced by adding approximately 1 g of material into the narrow slit of a custom mould. Epoxy was added to this sample, and it was stirred with a toothpick prior to curing. This sample was cut length-wise to allow for any potential density-stratified section to be revealed, and this custom sample was polished as per Grant et al., 2016 [7]. Six samples were mounted using each these three methods and analysed by SEM-MLA, for a total of eighteen analyses.




2.2. Scanning Electron Microscope Instrument Parameters


Mineral liberation analysis was performed on a FEI MLA 650 field emission gun (FEG) scanning electron microscope. MLA software version 3.1.4.683 was used for the analysis in extended backscattered electron (XBSE) mode. Instrument settings included 800 dpi frame resolution, a horizontal field width (HFW) of 1.5 mm, 10 nA beam current, a working distance of 13.5 mm, 16 µs BSE dwell time, 12 ms spectral dwell time, and 25 kV high voltage. The EDX detectors of the instrument were calibrated on a copper standard prior to analysis, with the brightness/contrast set as black for epoxy (grayscale of 0) and white for copper (grayscale of 256). With both the two-step and single-step trans-vertical moulds, the entire sample area was analysed by the MLA technique.




2.3. Laser Ablation ICP-MS


The MLA can identify and map minerals in the cuttings sample mould, from which radiogenic ages can be determined by LA-ICP-MS analytical techniques. The most important of these minerals is zircon (ZrSiO4), which has become the standard mineral for detrital mineral dating and is readily mapped by MLA (cf. [12]). The co-ordinates of zircon grains in the cutting samples from this study were digitally recorded such that a given sample could then be placed in the LA-ICP-MS instrument, and using the recorded co-ordinates, a specific zircon grain could be located and analysed. Only zircon grains suitable for analysis by LA-ICP-MS were mapped, and these were unbroken and unaltered grains that were at least 30 µm in diameter; the minimum ablation beam diameter for LA is 30 µm.



To facilitate the ability to locate x,y coordinates of zircons and other mineral species, a specially designed holder was created for the LA-ICP-MS unit at Memorial University. The holder was created by the Technical Services department at Memorial University (Figure 2) and meant to hold the single-step trans-vertical mould.



The LA-ICP-MS laboratory consists of a Thermo-Scientific ELEMENT XR magnetic sector, single-collector ICP-MS coupled with a Lambda Physik ComPex Pro 110 ArF excimer GeoLas laser ablation system operating at a wavelength of 193 nm and a pulse width of 20 ns. Standard reference materials were used for calibration and fractionation corrections.





3. Results


3.1. MLA Results


Table 1 illustrates the modal mineralogy results for one of the six samples (sample 2) as a representative analysis. When working with SEMs, relative mineral density and brightness are often displayed as a Z value, where Z is the mean atomic number. For an example of a mineral with a low Z value, quartz (Z = 10.8) is measured as 66.73 ± 0.13 wt % in the traditional round mould, which increases to 69.02 ± 0.18 wt% when measured in the single step trans-vertical mould. In an opposing manner, several minerals in this material with a high Z values, such as siderite (Z = 16.5), ilmenite (Z = 19.0) and magnetite (Z = 21.0), define modal abundances, which decrease by 50% or more when analysed in a trans-vertical mould, proving density settles in the 30 mm-in-diameter grain mounts. The Z values for these minerals are taken from Table 4.1 in Reed [13].



Table 2 lists the MLA calculated assay results for each of the three sample prep method. The elemental assay values for the both the two-step and single-step trans-vertical mould align well with the standard mounting method.



The single-step trans-vertical moulds have the extra advantages of being made in half the time of two-step trans-vertical moulds, requiring much less consumables to polish [7] and can also be placed in a modified holder that allows for at least 26 samples to easily fit in the SEM chamber for a single automated analysis [14]. This greatly increases the throughput of this valuable instrumentation.




3.2. LA-ICP-MS Results


The MLA identified a range in the numbers of dateable zircons in different samples. The best sample in terms of suitable zircons was Sample 4. Eleven zircon grains of suitable size were mapped in the single step mount of Sample 4 and were analysed by LA-ICP-MS. Ages and 2-sigma uncertainties were calculated from the corrected 207Pb/206Pb, 207Pb/235U and 206Pb/238U ratios and the data were reduced using Iolite 2.5 software [15]. A Concordia diagram (Figure 3) was produced from the Isoplot/Ex3.75macro program [16]. U-Pb age results are displayed in Table 3. While this single dataset is too small to be a robust detrital zircon dataset, most of the grains are concordant and it demonstrates the utility of combining SEM-MLA and LA-ICP-MS analysis using the single step trans-vertical mounting method.



One of the advantages in analysing these samples with single-step trans-vertical moulds is that a “North position arrow” is not required. When using the circular moulds, it is necessary to take at least two reference images from opposing corners to generate the x,y coordinate spreadsheet used to translate coordinates from the SEM platform used for MLA to another analytical instrument, such as EPMA or LA-ICP-MS. These must be supplemented by an arrow to ensure appropriate orientation in the LA-ICP-MS. The round samples can rotate, and thus reference images are needed to ensure that the moulds are placed into the other instrument in the same orientation that they were imaged in the SEM. However, as the cell holder used for the TV moulds is perfectly rectangular, this is a nearly “perfect fit” and it is very easy to locate the top right and bottom left corners. This saves time that is used to take images prior to MLA, as well as the time needed to set up each sample prior to LA-ICP-MS.





4. Conclusions


SEM-MLA is a fast and accurate tool for identifying modal percentages of minerals in a sample. This method was used to analyse offshore well drill-cuttings with single-step trans-vertical moulds. This is a superior sample preparation method, which removes the analytical bias associated with scanning the typical density-stratified sample. This sample preparation method increases the throughput of the instrument, while enabling easier and more reproducible sample preparation. Additionally, the sample preparation method presented in this study allowed typically difficult samples, like drill-cuttings, to be analysed with relative ease. This study demonstrated that a modified cell holder was made for LA-ICP-MS and zircon grains found during MLA were then subsequently age-dated. This sample preparation technique offers many advantages with no appreciable disadvantage.
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Figure 1. Raw sample material alongside the three cast methods. 






Figure 1. Raw sample material alongside the three cast methods.



[image: Minerals 12 00337 g001]







[image: Minerals 12 00337 g002 550] 





Figure 2. Custom laser ablation cell for analysing rectangular trans-vertical MLA mounts. 
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Figure 3. U-Pb Concordia diagram for zircon grains from Sample 4. 
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Table 1. Modal mineralogy of sample 2 via SEM-MLA analysis (XBSE; extended backscattered electron mode) with three different methods of sample preparation (n = 3 replicates for each analysis).
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Mineral

	
Standard 30 mm Sample

	
30 mm Two-Step TV Sample

	
Single-Step TV Sample




	

	
wt% Avg

	
wt% S.D.

	
wt% Avg

	
wt% S.D.

	
wt% Avg

	
wt% S.D.






	
Quartz

	
66.73

	
0.13

	
67.83

	
0.15

	
69.02

	
0.18




	
Calcite

	
18.46

	
0.17

	
18.67

	
0.14

	
18.24

	
0.09




	
Orthoclase

	
4.30

	
0.13

	
4.09

	
0.09

	
4.11

	
0.08




	
Muscovite

	
1.54

	
0.04

	
1.26

	
0.05

	
1.06

	
0.02




	
Albite

	
1.38

	
0.05

	
1.37

	
0.03

	
1.31

	
0.07




	
Biotite

	
1.25

	
0.03

	
1.32

	
0.06

	
1.03

	
0.07




	
Chlorit-Fe

	
1.15

	
0.04

	
1.14

	
0.07

	
0.86

	
0.11




	
Siderite

	
0.85

	
0.03

	
0.61

	
0.04

	
0.50

	
0.03




	
Illite

	
0.80

	
0.03

	
0.74

	
0.01

	
0.84

	
0.04




	
Lévyne (Ca)

	
0.48

	
0.01

	
0.39

	
0.04

	
0.46

	
0.02




	
Vesuvianite

	
0.36

	
0.04

	
0.23

	
0.02

	
0.23

	
0.01




	
Pyrite

	
0.36

	
0.04

	
0.35

	
0.05

	
0.28

	
0.03




	
Ilmenite

	
0.31

	
0.01

	
0.21

	
0.02

	
0.11

	
0.01




	
Organic

	
0.27

	
0.02

	
0.18

	
0.02

	
0.31

	
0.00




	
Rutile

	
0.26

	
0.03

	
0.25

	
0.02

	
0.15

	
0.02




	
Chlorite

	
0.22

	
0.02

	
0.21

	
0.02

	
0.14

	
0.02




	
Magnetite

	
0.19

	
0.02

	
0.09

	
0.03

	
0.09

	
0.01




	
Diopside

	
0.15

	
0.02

	
0.12

	
0.03

	
0.08

	
0.02
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Table 2. Comparison of MLA calculated assay for sample 2 across the sample prep methods.
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	Element
	Standard 30 mm Sample
	30 mm Two-Step TV Sample
	Single-Step TV Sample





	Al
	1.32
	1.21
	1.14



	Ba
	0.01
	0.01
	0.01



	C
	2.60
	2.53
	2.58



	Ca
	7.63
	7.66
	7.62



	F
	0.02
	0.02
	0.02



	Fe
	1.45
	1.29
	1.29



	H
	0.05
	0.05
	0.04



	K
	0.92
	0.86
	0.82



	Mg
	0.32
	0.31
	0.29



	Na
	0.16
	0.14
	0.14



	O
	50.84
	50.99
	50.94



	P
	0.01
	0.01
	0.02



	Pb
	0.00
	0.00
	0.01



	S
	0.19
	0.19
	0.24



	Si
	34.13
	34.44
	34.56



	Ti
	0.27
	0.24
	0.22



	Zn
	0.02
	0.01
	0.01
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Table 3. Comparison of MLA calculated assay for sample 2 across the sample prep methods.
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	Sample 4 New TV
	207Pb/235U Age (Ma)
	2SE
	206Pb/238U Age (Ma)
	2SE





	Zircon Grain #11640 rim
	983
	24
	988
	24



	Zircon Grain #11640 core
	1192
	17
	1177
	14



	Zircon Grain #15513
	534
	28
	530
	11



	Zircon Grain #19066
	2042
	35
	2039
	43



	Zircon Grain #26256
	638
	33
	650
	23



	Zircon Grain #26854
	1785
	26
	1729
	28



	Zircon Grain #28932
	623
	21
	620
	11



	Zircon Grain #30961
	728
	16
	723
	10



	Zircon Grain #39492
	1292
	25
	853
	26



	Zircon Grain #46074
	706
	41
	706
	18



	Zircon Grain #48570
	1671
	22
	1683
	35
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