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Abstract Mass loss at specified temperatures has

been used widely to determine amounts of organic

matter and carbonate in sediment samples. The loss on

ignition (LOI) method is cheap and simple, but is time-

consuming and provides information only for specific,

pre-determined temperatures. It also requires rela-

tively large sample sizes and is destructive. Thermo-

gravimetric analysis (TGA) is an alternative method

for determination of organic and carbonate content in

sediment samples, and provides accurate and precise

data in a time-efficient manner. We compared results

from these two thermal analysis techniques, which

were applied to sediment samples from a submerged

landscape (Doggerland). An organic-rich peat sample

and a silty fine-sand sample were used. An unpaired

t-test was used to test agreement and repeatability of

the two analytical techniques. One advantage of being

able to monitor mass loss throughout the analytical

operation is that free and bound moisture losses can be

distinguished. TGA is less time-consuming, involves

automated sample handling (minimising operator

error), and can yield reliable data from sample masses

(typically 30–50 mg), which are much smaller than

those needed for LOI (typically 3–5 g). The unpaired

t-test, along with precision and repeatability analyses

led us to conclude that TGA can be used instead of LOI

to provide reliable measures of organic matter and

carbonate content in sediments, and has several

advantages over LOI.

Keywords Loss on ignition � Doggerland sediment �
Thermogravimetric analysis � Multistage

Introduction

Loss on ignition (LOI)

Heating of samples to specified temperatures has been

used widely to measure organic matter and carbonate

content in sediment, soil and coal fly ash samples

(Bengtsson and Enell 1986; Heiri et al. 2001; Santis-

teban et al. 2004). The principle that underlies the

method is that the sample will lose weight at specific

temperatures, reflecting loss of specific components
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from the material (Heiri et al. 2001). The standard LOI

method presented by Konare et al. (2010) used three

different temperatures under an air atmosphere: (1) the

sample was first heated to 150 �C during which mass

loss was attributed to water, (2) the temperature was

next raised to 550 �C which combusts organic matter

in the sample, yielding ash and carbon dioxide, and (3)

the sample was finally heated to 950 �C, the temper-

ature at which carbonates were decomposed to

produce carbon dioxide. Weight losses during each

heating stage can be used to calculate the amount of

moisture, organic matter and carbonate in the sample

(Ben-Dor and Banin 1989; Santisteban et al. 2004;

Heiri et al. 2001; Virkanen et al. 1997).

LOI is used widely by paleolimnologists, geo-

chemists and sedimentologists and is an inexpensive,

‘‘low-tech’’ method for analysing the composition of

sediment and rock samples. There are, however, some

drawbacks to the approach, such as the large sample

size required, typically 3–5 g. This may consume a

substantial proportion of the sample and has the

associated disadvantage of requiring more time for

mass loss to occur. Other considerations associated

with the LOI approach include furnace type, position

of samples in the furnace, exposure time at temper-

ature, and the potential for operator error during the

weighing process (Heiri et al. 2001; Fan and Brown

2001).

Thermogravimetric analysis (TGA)

TGA is an instrumental method that is used to measure

sample mass as a function of time and temperature.

One disadvantage of TGA instrumentation is that its

relatively high cost, about four times that of LOI.

Nevertheless, TGA has a number of advantages, which

include: (1) speed of analysis, (2) the fact that a small

sample mass can be used, (3) lower incidence of

weighing errors because mass determination is auto-

mated, and most importantly, (4) the ability to monitor

sample mass throughout the analysis, i.e. changes in

sample weight can be tracked continuously with

temperature increase (Fan and Brown 2001; Charsley

et al. 2019).

We compared results from the two thermal analysis

techniques (LOI and TGA), applied to a set of

sediment samples from cores taken from a now-

submerged landscape (Doggerland) (Gaffney et al.

2017). We assessed organic matter and carbonate

content in the samples using both analytical

approaches, and evaluated the comparability of data

from the two techniques using statistical methods.

Assessment of moisture composition was not an aim

of this study, as the samples had been subjected to

different storage, transport and air-drying histories.

Complete drying of the samples is, however, an

integral part of both methodologies, and is required to

provide accurate measures of organic matter and

carbonate content.

Materials and methods

Field sampling

Multiple sediment cores were collected on 14 Septem-

ber 2016 under the auspices of the Europe Lost

Frontiers Project at the University of Bradford, which

is studying prehistoric land now submerged under the

North Sea, known as Doggerland (Gaffney et al.

2017, 2020). The cores were kept in a cold room

storage environment maintained at 2 �C ± 0.5. Two

bulk samples were taken from cores ELF002 and

ELF009. The sample from core ELF002 was a

reddish-brown, silty fine sand, which was expected

to contain low organic matter content and intermediate

carbonate content. The sample from core ELF009 was

a very dark brown, amorphous dense peat, which was

expected to contain a high percentage of organic

matter. Ten subsamples were taken from each bulk

sample, yielding 20 subsamples to be measured by

each technique. Core names, locations, date of

collection, and seafloor depth at the collection site

are shown in Table 1.

Laboratory analyses

Prior to analysis, the two bulk samples (* 500 g

each) were air dried at room temperature for 48 h to

remove the bulk water, making them easier to

manipulate, homogenise and subsample. Then they

were ground to fine powders in a mortar and pestle.

LOI

The method of Konare et al. (2010) was applied to 20

samples (10 samples each from cores ELF002 and

ELF009). Initial sample weights were 3.00 ± 0.01 g.
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A high-temperature Carbolite furnace, which can

reach 1100 �C was utilized for this analysis. Samples

were placed in pre-weighed crucibles and put into the

furnace at 150 �C for 2 h, after which they were

removed from the furnace and allowed to cool to room

temperature in a desiccator. Once cool, they were re-

weighed, primarily to ensure that the samples were

completely dried prior the determination of organic

and carbonate content. The process was repeated at

550 �C and 950 �C, and percentages of organic matter

and lost CO2 were determined applying Eqs. 1 and 2,

respectively. The results of the latter were expressed

as total carbonate in the dry sample (by multiplying

CO2 by 1.36 to express as CO3).

Organic% ¼ ðweight at 150�C� weight at 550�CÞ
weight at 150�C

� 100

ð1Þ

Lost CO2% ¼ ðweight at 550�C� weight at 950�CÞ
weight at 150�C

� 100

ð2Þ

TGA

Each sample (40± 10 mg) was individually placed on

a high-temperature platinum pan and analysed using a

TGA Q5000IR (TA Instruments, USA). The balance

housing was kept at 40 �C under a nitrogen atmo-

sphere while the sample chamber was purged with air

at a flow rate of 25 mL/min. The heating rate was

20 �C/min from room temperature to 150 �C followed

by an isothermal period of 30 min to remove all

moisture. The second heating (20 �C/min) was to

550 �C, where the temperature was again held for

30 min to ensure complete combustion of all organic

matter and no further weight loss. The final heating,

again at 20 �C /min, was to 950 �C with an isothermal

period of 30 min to ensure that all carbonates in the

sample were thermally degraded (Konare et al. 2010;

Heiri et al. 2001; Bengtsson and Enell 1986).

Results

To obtain the LOI results, sample weights were

accurately recorded to 0.0001 g prior to and after

each heating stage. These weights were used to

calculate the results by applying them to Eqs. 1 and

2. The TGA results were processed using Universal

Analysis software (TA Instruments, UA, v5.5.24) to

calculate the loss in mass between the isothermal

stages of the method, as detailed in the methods

section. Examples of the TGA curves obtained are

shown in Figs. 1 and 2. LOI and TGA results for core

ELF002 and ELF009 sediments are shown in Tables 2

and 3, respectively.

Discussion

Comparison of LOI and TGA

For each sediment component analysed (i.e. organic

matter and carbonate content), an unpaired t-test with

18 degrees of freedom (df = 18) was applied with 95%

confidence level (p = 0.05), to compare differences

between means from application of each method to

each core. Our null hypothesis was that ‘‘there is no

statistically significant difference between mean val-

ues produced by the TGA and LOI methods’’ (Whitley

and Bell 2002; Miller and Miller 2010).

With respect to organic matter content measured by

the LOI and TGA methods, the calculated t-values for

means are less than the critical t-values (Tables 2, 3),

hence the null hypothesis could not be rejected. This

indicates that the LOI and TGA techniques yielded

indistinguishable organic matter results.

Table 1 Core names, locations and depths

Core name Location X WGS84 Location Y WGS84 Seafloor depth

(m)

ELF002 1.1175304 53.321959 18.29

ELF009 1.4084871 53.407806 26.19
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Mean carbonate content in the sediment samples

from ELF002, measured by the two techniques,

returned a t-value lower than the critical t-value

(Table 2). As a consequence, the null hypothesis could

not be rejected, and indicates that for this sediment

type, the LOI and TGA methods yield indistinguish-

able carbonate results. For sample ELF009, the

calculated t-value, 2.97, is higher than the critical

t-value of 2.10 (Table 3), and we thus rejected the null

hypothesis. This indicated that the two approaches

produced results that differ, perhaps related to the

lower content of carbonate in the ELF009 samples.

Repeatability (within-run precision)

In both samples ELF002 and ELF009, for percent

organic matter and carbonate content, both methods

showed consistent precision and repeatability, i.e. very

low standard deviations (SD B 0.55), and small

differences in means (DM B 0.50) (Tables 2, 3).

Fig. 1 Representative TGA curve from sample ELF002, illustrating three transitions

Fig. 2 Representative TGA curve from sample ELF009, illustrating four transitions
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Table 2 Organic matter and carbonate content in core ELF002 sediment, determined by TGA and LOI methods

Core ELF002 Organic matter % Lost CO2% Carbonate % (CO2*1.36)

Methods TGA LOI TGA LOI TGA LOI

Run one 3.92 4.20 5.30 5.27 7.21 7.17

Run two 4.00 4.30 5.60 5.47 7.61 7.44

Run three 3.91 4.30 5.31 5.44 7.22 7.40

Run four 4.10 3.96 5.74 5.77 7.81 7.85

Run five 4.01 4.37 5.31 5.24 7.22 7.13

Run six 4.00 3.93 5.42 5.74 7.37 7.81

Run seven 3.92 3.93 5.48 5.64 7.45 7.67

Run eight 4.01 4.00 5.51 5.46 7.49 7.43

Run nine 4.05 4.03 5.30 5.74 7.21 7.81

Run ten 4.06 4.03 5.67 5.73 7.71 7.80

Mean 4.00 4.11 5.46 5.55 7.43 7.55

Range 0.19 0.44 0.44 0.53 0.60 0.72

Difference in means 0.11 0.09 0.12

Standard deviation 0.06 0.17 0.16 0.20 0.22 0.27

Two sample t-test (unpaired) Unpaired t(18) = 1.86,

p = 0.088

Unpaired t(18) = 1.05,

p = 0.31

Unpaired t(18) = 1.14,

p = 0.29

Critical t-value 2.10 2.10 2.10

Table 3 Organic matter and carbonate content in core ELF009 sediment, determined by TGA and LOI methods

Core ELF009 Organic matter % Lost CO2% Carbonate % (CO2*1.36)

Methods TGA LOI TGA LOI TGA LOI

Run one 32.92 32.44 2.75 2.53 3.74 3.44

Run two 32.68 32.60 3.05 2.70 4.15 3.67

Run three 32.72 32.87 3.59 2.63 4.88 3.58

Run four 32.95 32.81 2.94 2.73 4.00 3.71

Run five 32.69 32.80 3.62 2.70 4.92 3.67

Run six 32.86 32.71 2.54 2.80 3.45 3.81

Run seven 33.01 32.87 3.63 2.70 4.93 3.67

Run eight 33.25 32.60 3.03 2.73 4.12 3.71

Run nine 32.15 32.80 2.81 2.73 3.82 3.71

Run ten 32.87 32.60 2.71 2.73 3.68 3.71

Mean 32.81 32.71 3.07 2.70 4.17 3.67

Range 1.10 0.43 1.09 0.27 1.48 0.37

Difference in means 0.10 0.37 0.50

Standard deviation 0.28 0.14 0.41 0.07 0.55 0.10

Two sample t-test (unpaired) Unpaired t(18) = 0.98,

p = 0.34

Unpaired t(18) = 2.79,

p = 0.019

Unpaired t(18) = 2.97,

p = 0.019

Critical t-value 2.10 2.10 2.10
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Multistage decomposition of samples from cores

ELF002 and ELF009

During TGA analysis, all 10 samples from core

ELF002 produced a curve with three clear transitions,

associated with loss of free moisture, organic matter

and carbonate (Fig. 1). In contrast, all 10 samples from

core ELF009 produced a multistage decomposition in

the second heating stage, from 150 to 550 �C (Fig. 2).

This multistage response was divided into parts A & B

(Fig. 2), in which there are two weight losses from two

different decompositions. The temperature range for

part A was 173–367 �C, and the temperature range for

part B was 387–560 �C. The temperature range of the

organic matter ignition from ELF002 was between

384 and 563 �C. This matches well with the temper-

atures in part B of core ELF009 and represents the

ignition of organic matter. Therefore, part A in

ELF009 represents loss of a different sample compo-

nent, which occurred at temperatures between those

responsible for loss of free moisture and organic

matter. One possibility is mineral dehydration, which

requires temperatures between 100 and 380 �C
(Hoogsteen et al. 2015; Lopes et al. 2001). This range

includes parts of the first (ambient to 150 �C) and

second LOI heating stages (150–550 �C). It is there-
fore possible that water bound in minerals contributed

to the LOI values attributed to moisture and organic

matter, and explains why the LOI and TGA methods

yielded statistically indistinguishable results for this

sample.

Conclusions

Principles that underlie the two thermal methods (LOI

and TGA) for analysis of sediment composition are

similar. Both involve measurement of changes in

sample weight as a function of temperature and

duration (Abbot 2005; Çaylı and Küsefoğlu 2008).

Two sediment samples from the North Sea were used

to compare LOI and TGA results—ELF002, a sample

with relatively low organic content, and ELF009, a

sample with relatively high organic content. The

experiment yielded the following conclusions:

1. TGA uses an instrument that carries out the

analysis automatically, with less chance for

human measurement error and less time required.

The ignition process can be monitored in real time

and results can be presented in a TGA curve

(Figs. 1, 2).

2. TGA is an appropriate instrument for small

samples and provides stable results with samples

as small as 40 mg.

3. Although much cheaper, the LOI method provides

information only for specific preselected temper-

atures and takes much more time.

4. TGA and LOI both yield consistent repeatable re-

sults for determination of organic matter and

carbonate content.

5. TGA provides details about the temperatures at

which mass is lost, which are not possible with

LOI. This may enable the user to identify other

temperature-associated changes in the sediment,

such as mineral dehydration.

In summary, we conclude that TGA can be used

instead of LOI as a method to study sediment samples,

and it is highly recommended for determination of

organic matter and carbonate content in sediments.

TGA is the preferred method in cases for which

sample quantity is limited.
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