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Abstract: We present an experimental study that explores the feasibility of using the ash from biogenic depos-
its for laser textural analysis. The results have demonstrated that conducting ash textural analysis without prior 
chemical treatment can lead to unreliable results. Among other things, this is due to the “contamination” of the 
ash with aggregates formed by metal oxides and carbonates during ignition (LOI550 procedure) in a muffle fur-
nace. Metal oxides and carbonates can create aggregates with silt and clay grains. As a result, the material coars-
ens, mainly to very coarse and coarse silt fractions. It is illustrated that the ash after LOI550 has been contaminated 
with oxides and carbonates of iron (Fe), potassium (K), magnesium (Mg), calcium (Ca), manganese (Mn), sodi-
um (Na), zinc (Zn), lead (Pb) and copper (Cu). Thus, we suggest a method of using 10% HCl to purify the ash from 
metal oxides and carbonates (so-called ash purification procedure or APP). The analysis in this paper focuses on 
the grain size composition of ash, both untreated and HCl-treated. The obtained results have been compared and 
discussed in detail.

Keywords: loss on ignition, biogenic deposits ash, laser textural analysis, ash purification procedure (APP), metal 
oxides and carbonates

INTRODUCTION

Peat, gyttja, and other biogenic deposits consist 
of a combination of organic matter (organic com-
ponent), primarily derived from plant remains, 
and mineral particles of different origin (mineral 
component). In river valleys, the main sources of 
the influx of mineral particles into peat and gyttja 
deposits are floods, aeolian deposition, and slope 
processes. Textural (grain size distribution) anal-
ysis of the mineral component of biogenic depos-
its is highly valuable. It can be useful for tracking 

changes in deposition processes and the origin of 
mineral fractions, which is helpful for palaeogeo-
graphical reconstructions or identifying lithologi-
cal boundaries. The primary issue revolves around 
the challenge of isolating the mineral portion of 
biogenic deposits from their organic counterpart. 
A  feasible option could be utilizing ignition in 
a muffle furnace to remove the organic substanc-
es from deposits. Currently, the loss on ignition 
(LOI550) method is extensively applied, and the re-
sulting ash can be used for textural analysis. In 
some studies, researchers have already utilized the 
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untreated ash obtained after ignition for textural 
analysis (Kittel et al. 2014, 2016, 2020, Żarczyński 
et al. 2019).

Ignition in a muffle furnace at a temperature of 
950°C (or 925°C) can also be used to remove or-
ganic matter, as well as calcium carbonate (CaCO3) 
from sediments (Heiri et al. 2001). Another meth-
od for removing organic matter is boiling in hy-
drogen peroxide H2O2 (Mikutta et al. 2005). How-
ever, our research is focused only on the study of 
the ash obtained after ignition at a temperature of 
550°C  – LOI550.

This paper demonstrates that the ash remain-
ing after LOI550 procedure differs from the miner-
al component of biogenic deposits. Additionally, 
the LOI550 readings do not accurately indicate the 
amount of organic matter present in the examined 
deposits. After the furnace, the ash becomes filled 
with metal oxides and carbonates that are pro-
duced during ignition at 550°C. This leads to con-
tamination of the mineral component of biogenic 
deposits and to a  decrease in the actual amount 
of organic matter present in the final results. 
During ignition at 550°C, the organic component 
of biogenic deposits is not entirely removed from 
the samples. Instead, the released carbon diox-
ide (CO2) reacts with metals to form metal car-
bonates. The formation of new compounds that 
contaminate and add weight to the resulting ash 
also involves ambient oxygen (O2). An additional 
problem is formation of aggregates of these new-
ly established oxides and carbonates with silt and 
clay grains.

Accordingly, our study has the following ob-
jectives:
−	 Create a procedure for purifying the ash from 

secondary metal oxides and carbonates (for in-
stance, Fe2O3, K2CO3, MgCO3 and CaCO3) that 
are produced during ignition at a temperature 
of 550°C.

−	 Perform a  spectral analysis with SPEKOL11 
equipment on the HCl acid solutions obtained 
during the ash purification procedure (APP). 
This will help estimate the amount of iron 
and its oxides present in the studied ash. De-
termine other metals present in the acid solu-
tions using the atomic absorption spectrosco-
py (AAS) method.

−	 Conduct a laser textural analysis with a Malvern 
Panalytical Mastersizer 3000 equipment on the 
ash purified from metal oxides and carbonates 
(the HCl-treated ash), as well as on the ash that 
has not been purified from these compounds 
(the untreated ash) and compare the results.
Some of the findings from this study have been 

previously published in conference proceedings 
by Tsvirko et al. (2022a, 2022b). This research 
revises and adds to our previous perspectives as 
presented in our past publications. In particu-
lar, it was not previously taken into account that 
iron carbonates FeCO3 and Fe2(CO3)3 decompose 
during the heating process to 550°C, and iron car-
bonates are not preserved in the ash after a muf-
fle furnace (Kissinger et al. 1956). In our previous 
publications, we called the ash purification pro-
cedure (APP) as the HCl cleaning procedure or 
HCLP (Tsvirko et al. 2022a, 2022b, Tsvirko 2023).

MATERIALS AND METHODS

Fifteen samples (nos. 3–15 and 31, 32) from the 
core PKK-1-2 (Figs. 1, 2, Table 2) were used for 
analyses (see also Table S1 and Figure S1 in the on-
line supplementary material (OSM)). The core was 
taken from a  fen located near the channel of the 
Yaselda River in southern Belarus (Tsvirko et al. 
2021a). The studied deposits were characterized by 
different amounts of organic matter: biogenic de-
posits (coarse detritus gyttja, black/brown telmatic 
peat, fen peat according to Markowski (1980) and 
Tobolski (2021) classifications), and sandy deposits 
with a small amount of organic matter (Fig. 3). The 
analysis of plant macrofossils was used to identi-
fy the origin of these geological sediment layers. 
Coarse detritus gyttja was characterized by a pre-
dominance of macroremains of fully submerged 
plants and plants with floating leaves (Chara, Pot-
amogeton, Nuphar, Nymphaea, Stratiotes aloides, 
etc.). Telmatic peat was characterized by a  pre-
dominance of macroremains of semi-submerged 
and nearshore vegetation (Typha, Alisma planta-
go aquatica, Sagittaria sagittifolia, Juncus, Mentha 
longifolia, Poaceae, etc.), with a still significant ad-
mixture of remains of fully submerged plants and 
plants with floating leaves (Chara, Potamogeton, 
Lemna, Salvinia natans, Stratiotes aloides, etc.). 
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Fig. 1. Location of the studied PKK-1-2 core in the basin of the Yaselda River and Lake Sporovskoye (A) in southern Belarus (B) 
(Tsvirko et al. 2021b, Tsvirko 2023)

Fig. 2. Deposits of the PKK-1-2 core (52°23'38.448"N 25°17'35.545"E). The photos represent only the part of the studied deposits 
with marked lithological boundaries (photos by D. Tsvirko, August 2020)

B

A
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Also, the studied core PKK-1-2 can be char-
acterized as an organic peat soil, without visible 
gley features, but with iron precipitation associat-
ed with groundwater level fluctuations and visible 
in geochemical analysis (Fig. 3).

The samples were dried at 50°C (24 hours) and 
carefully ground in a porcelain mortar. Before ig-
nition, the samples were dried at a temperature of 
105°C (1 hour), and the empty crucibles at 550°C 
(1 hour) to remove any remaining moisture. The 
samples were then subjected to combustion in 
a  muffle furnace at 550°C for 8 hours. To deter-
mine the LOI550 values, the weight of dry samples 
and dry crucibles were measured both before and 
after ignition, following the procedure outlined 
by Dean (1974) and Heiri et al. (2001). It has to 

be noted that the weight of the dry samples and 
crucibles was measured immediately after drying 
them (at 105°C), or after the muffle furnace cooled 
to 100°C (i.e. without storage in the laboratory). 
Desiccators were not used in this study, but we 
strongly recommend them. The initial results of 
loss on ignition (LOI550) are shown in Table 2 and 
Figure 3.

After the LOI550 process, the ash was thorough-
ly homogenized and split into two subsamples. 
Subsample one was analyzed for its textural fea-
tures (grain size distribution) using laser particle 
sizer without pre-treatment. For subsample two, 
the ash was chemically pre-treated with 10% HCl 
before undergoing grain size analysis with la-
ser particle sizer (see Figure S2 in the OSM).  

Fig. 3. Core PKK-1-2 with LOI550 values, the amount of iron in 300 mg of ash (based on SPEKOL11 analysis and on initial  
masses of ash used for APP at room temperature), and the designation of samples that had CO2 emission during the reaction of 
ash with HCl. The main studied samples are marked with red squares. Lithology: 1  – fine-medium sand, 2  – fine-medium sand 
with organic matter, 3  – coarse detritus gyttja, 4  – black telmatic peat, 5  – brown telmatic peat, 6  – fen peat

https://journals.agh.edu.pl/geol
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After that, a comparison of the grain size distri-
butions was made.

The ash purification procedure (APP)
We investigated whether the formation of met-
al oxides and carbonates in a  furnace heated to 
550°C can impact the accuracy of grain size distri-
bution measurements for the mineral component 
of biogenic deposits. Therefore, a  procedure for 
purifying the ash from these compounds was pro-
posed. During the study, there was a  significant 
focus on estimating iron oxides FeO and Fe2O3, 
but it is worth noting that ignition can also result 
in the formation of compounds with other met-
al elements, such as: K2O, K2CO3, MgO, MgCO3, 
CaO, CaCO3, Mn2O3, Na2O, Na2CO3, ZnO, PbO, 
CuO, Cu2O and others.

Metal oxides and carbonates are formed when 
metal cations (for instance, Fe2+/Fe3+, K+, Mg2+, 
Ca2+) contained in organic matter react with car-
bon dioxide (CO2) released during ignition, as 
well as oxygen (O2) from the surrounding air at 
high temperatures (Bruchajzer et al. 2017). This 
reaction follows the equations below:

=
→ +

 
II IIIOrganic matter CO Fe / Fe

T 550

2

℃
	 (1)
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→ +
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2 3
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 ; CO
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T=
→

2

2 2 3 3 3
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To ensure accurate results of grain size distri-
bution analysis, it is recommended to purify the 
studied portion of ash containing metal oxides 
and carbonates using 10% HCl acid (ACS reagent 
grade). Similar use of acids for the removal of iron 
oxides was previously described, for example, 
by Kowalska and Królak (1967) and Surgiewicz 
(2013). This purification process can prevent the 
potential impact of aggregates formed by metal 
compounds on the textural results:

+ −+ → + +FeO HCl Fe Cl H O2
22 2 	 (4)

+ −+ → + +Fe O HCl Fe Cl H O3
2 3 26 2 6 3 	 (5)

+ −+ → + + + ↑K CO HCl K Cl H O CO2 3 2 22 2 2 	 (6)

+ −+ → + + + ↑MgCO HCl Mg Cl H O CO2
3 2 22 2 	 (7)

+ −+ → + + + ↑CaCO HCl Ca Cl H O CO2
3 2 22 2 	 (8)

Here are the steps to apply the ash purification 
procedure (APP):
1.	 The ash was mixed in plastic test tubes (for 

50 mL) with 30 mL of 10% HCl (the ratio is ap-
proximately 1 to 5).

2.	 The resulting mixture was heated in a  wa-
ter bath to 70°C for 20–30 minutes, and then 
maintained under regular stirring at a  tem-
perature between 70–80°C for 30 minutes (see 
Figure S3 in the OSM).

3.	 After the heating process, the test tubes were 
cooled to room temperature and then subject-
ed to centrifugation for 5 minutes at 4000 rpm. 
As part of the experiment, the remaining yel-
lowish acid solutions were transferred into sep-
arate tubes for spectral analysis (see Figure S4 
in the OSM).

4.	 Following that, the ash underwent 1–2 rounds 
of centrifugation in distilled water (50 mL) and 
was subsequently dried at room temperature in 
the same test tubes. Thus, this procedure effec-
tively purified the ash, removing metal oxides 
and carbonates, and prepared it for laser tex-
tural analysis (Fig. 4).

5.	 Additionally, we weighed the air-dried ash to 
two decimal places before and after the ash pu-
rification procedure to determine the amount 
of metal oxides and carbonates removed.
It should be noted that the ash mass measure-

ment before and after the ash purification proce-
dure was conducted following long-term storage 
of samples at room temperature, which has result-
ed in moisture inclusion in the ash mass (e.g. see 
Table S2 in the OSM  – Dry ash before/after HCl 
treatment).
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Spectral analysis of the HCl acid solutions

After obtaining yellowish acid solutions through 
APP, 10% HCl was added to each of them up to 
50  mL. These solutions were then analyzed us-
ing a SPEKOL11 spectrophotometer (on the use of 
SPEKOL11 see also Tołoczko 2016) to determine 
the iron content in the ash samples (see Figure S5 
in the OSM). To achieve this, eight reference HCl 
solutions with a known mass and concentration of 

iron chloride powder (FeCl3) were prepared, each 
50 mL in quantity (see Figure S6 in the OSM).

The transmission (T) of each reference solu-
tion was measured at wavelengths of 420, 460 and 
500 nm. To ensure accuracy, each reference sam-
ple underwent five repeated transmission measure-
ments, averaging for each wavelength (Table 1). The 
relationship between transmission and the mass of 
iron in solution at wavelengths of 420, 460, and 
500 nm are given in Figures S7–S9 in the OSM.

Fig. 4. View of the studied dry ash before (A) and after (B) the ash purification procedure. The redness has disappeared (photos 
by D. Tsvirko, 2022)

A

B
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To determine the mass of iron present in the 
studied solutions post APP, the transmission (T) 
for each sample was measured using a  spectro-
photometer. Subsequently, the achieved mass of 
iron in 50 mL of HCl solution was calculated us-
ing the given formulas:

( ) ( )ln . ln
For   nm,   

. .
T

x = −
83 983

420
0 2516 0 2516

	 (9)

( ) ( )ln . ln
For  nm,   

. .
T

x = −
91 881

460
0 04002 0 04002

	 (10)

( ) ( )ln . ln
For   nm,  

. .
T

x = −
97 425

500
0 004018 0 004018

	 (11)

where x – mass of iron in the studied 50  mL of 
HCl solution [mg],  T – transmission of the stud-
ied 50 mL of HCl solution.

Atomic absorption spectroscopy (AAS)
After conducting analysis on SPEKOL11 equip-
ment, four acid solutions obtained from APP 
(samples nos. 3, 4, 11 and 15) were analysed using 
a Solaar 969 Unicam device (on the use of this de-
vice see also Okupny et al. 2020, 2022) for AAS. 
Through atomic absorption spectrometry, it was 
possible to identify the presence of other metals 
aside from iron in post APP solutions.

The main purpose of the analysis using AAS 
was the qualitative determination of metals present 

in HCl solutions. For this reason, we decided to 
analyse only four HCl solutions.

Laser textural analysis
Both ash sample sets (HCl-treated and untreated) 
were analyzed with a  Malvern Panalytical Mas-
tersizer 3000 (see Figure S10 in the OSM), after 
careful grinding in a porcelain mortar and ultra-
sonic treatment for 2 minutes in an Ultrasonic 
Processor Sonicator VCX 130 (see Figure S11 in 
the OSM). There was no sieving of the samples, 
since the size of all mineral particles was less than 
2 mm.

The grain size distribution results were ob-
tained by statistical processing the initial grain 
size distribution data using Gradistat Version 9.1 
software (Blott & Pye 2001). This initial grain 
size distribution data included textural results 
for both untreated and HCl-treated ash, mea-
sured on a scale of 1/4 phi. The textural fractions 
were defined after Udden (1914) and Wentworth 
(1922) given in micrometres [μm]: coarse sand 
(500 ≤ x < 1,000), medium sand (250 ≤ x < 500), 
fine sand (125 ≤  x  <  250), very fine sand 
(63 ≤ x < 125), very coarse silt (31 ≤ x < 63), coarse 
silt (16 ≤ x < 31), medium silt (8 ≤ x < 16), fine silt 
(4 ≤ x < 8), very fine silt (2 ≤ x < 4) and clay (<2).

To compare two values, we calculated the per-
centage difference between them using the For-
mula (12). This was done for mean grain size Mz 

Table 1
Mass and molar concentration of iron in reference samples I–VIII and corresponding average transmission values for wave-
lengths of 420, 460, and 500 nm

Reference 
sample 
number

Mass of Fe in 
50 mL of HCl 
solution [mg]

Molar 
concentration 

[mol/dm3]

T (transmission)

420 nm 460 nm 500 nm

I 344.276 0.1233000 0.10 0.10 24.64

II 172.138 0.0616500 0.10 0.30 48.12

III 86.069 0.0308240 0.22 2.96 67.94

IV 34.428 0.0123300 0.34 22.48 86.54

V 17.214 0.0061650 1.14 46.50 91.04

VI 6.886 0.0024660 13.52 70.64 92.64

VII 3.443 0.0012330 35.50 83.48 95.66

VIII 1.721 0.0006165 57.74 89.84 96.22

Explanations: values in bold were used to create the graphs in Figures S7–S9 in the OSM.
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values after Folk and Ward (1957) and the textural 
groups values.

−
= ⋅  %A Bx

B
100 	 (12)

where: x  – percentage difference between two 
Mz or textural groups values of one sample [%],  
A – higher Mz or textural group value, B  – lower 
Mz or textural group value.

To estimate the actual organic matter content 
(OMC after APP) in the samples, excluding metal 
oxides and carbonates formed during ignition, we 
used the following formulas:

⋅
= − h

h _ HCl h  rM PM M 8
8 8 100

	 (13)

where: M8h_HCl  – ash mass immediately after the 
muffle furnace, without metal oxides and car-
bonates [g], M8h  – ash mass immediately after the 
muffle furnace [g] (see Table S1 in the OSM), Pr  – 
the percentage decrease in ash mass after under-
going APP, calculated by comparing the mass of 
ash (at room temperature) before and after HCl 
treatment [%] (see Table 2).

⋅
= − h _ HClOMC after APP

s

M
M

8 100
100 	 (14)

where: OMC after APP  – organic matter content 
(OMC) after purifying the studied ash from metal 
oxides and carbonates using APP [%], M8h_HCl  – ash 
mass immediately after the muffle furnace, without 
metal oxides and carbonates [g], Ms  – mass of the 
entire sample (with organic and mineral compo-
nents) before ignition [g] (see Table S1 in the OSM).

Microscopic analysis
During the study, we obtained photographs of un-
treated and HCl-treated ash using a  light micro-
scope. Some finds discovered during microscopic 
analysis of the ash were identified and documented.

RESULTS

HCl treatment results
For the fifteen ash subsamples in the study, the 
ash purification procedure (APP) was used twice. 
We recommend performing APP multiple times if 

redness remains in the ash and the acid solution 
has a deep yellow color (as per points 1–3 of APP, 
until the acid solution becomes transparent, see 
Figure S4B in the OSM).

The purification process effectively removed 
metal oxides and carbonates from the ash and led 
to a weight reduction from 6.45 to 72.62% for bio-
genic deposits and up to 1% for inorganic deposits 
(Table 2).

For samples with a high content of organic mat-
ter such as samples nos. 11–15, there was a notice-
able decrease in ash mass of over 50%. During the 
interaction of ash samples nos. 11–15 with HCl, 
there was a violent reaction, resulting in the release 
of CO2. This reaction may indicate a large amount 
of metal carbonates formed during LOI550 proce-
dure. Other samples with lower LOI550 values did 
not show any reaction with CO2 release or had mi-
nor CO2 emissions (as sample no. 10). It should be 
noted that CO2 emissions only occurred during HCl 
reaction with ash. Pre-check of samples nos. 10–12 
and 14 before the process of ignition showed that 
there was no reaction between HCl and biogenic 
samples. This suggests that carbonates were specif-
ically formed during the ignition of biogenic sam-
ples in a muffle furnace (LOI550 procedure).

Also, for the studied samples, we calculated the 
actual OMC (Fig. 5) by using the percentage val-
ues by which the ash mass decreased after the ash 
purification procedure (Table 2  – Pr), as per For-
mulas (13) and (14). The data required for this are 
presented in Table S1 in the OSM.

Spectral analysis results
Through spectral analysis using the SPEKOL11 
equipment, we were able to estimate the initial 
amount of iron and its oxides present in the ash 
before chemical treatment. The results from the 
transmission measurement were used to deter-
mine the mass of iron in the yellowish solutions 
obtained after APP, which are presented in Ta-
ble 3. In our study, only the acid solutions obtained 
after a single application of APP on the ash were 
analysed. As a result, we estimated the amount of 
iron in the ash based on these solutions, but it is 
possible that more iron could be present. A small 
amount of iron might be present in the solutions 
also after the second application of APP.

https://journals.agh.edu.pl/geol
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Table 2
The studied ash samples and their mass reduction after APP

Sample 
number 

Sample 
depth 
[cm]

LOI550 
[%]

Masses at room temperature
Mass loss (Pr) 

[%]
Lithological 

unit RemarksDry ash 
before HCl 

treatment [g]

Dry ash 
after HCl 

treatment [g]
3 10–15 50.940 1.15 0.95 17.39

Brown 
telmatic peat No visible CO2 

emission during 
the reaction of ash 

with HCl

4 15–20 41.494 1.68 1.48 11.90
5 20–23 35.921 1.56 1.40 10.26
6 23–28 31.313 1.22 1.08 11.48
7 28–33 23.163 2.43 2.22 8.64

Black 
telmatic peat

8 33–35 14.790 2.48 2.32 6.45
9 35–40 29.797 1.56 1.36 12.82

10 40–45 57.714 1.60 1.20 25.00

Some minor CO2 
emission visible 

during the reaction 
of ash with HCl

11 45–49 83.088 0.84 0.23 72.62

Coarse 
detritus 
gyttja

Strong CO2 
emission visible 

during the reaction 
of ash with HCl

12 49–55 82.766 0.82 0.31 62.20
13 55–60 81.286 0.88 0.43 51.14
14 60–65 83.588 0.57 0.24 57.89
15 65–70 84.611 0.34 0.10 70.59
31 142–146 5.958 5.97 5.91 1.01

Fine-medium 
sand

No visible CO2 
emission during 

the reaction of ash 
with HCl

32 146–150 3.715 5.92 5.89 0.51

Fig. 5. The LOI550 values in comparison to the organic matter content (OMC) after purifying the studied ash of metal oxides and 
carbonates using APP
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Table 3
Transmission values, corresponding masses of iron in the solutions after a single use of APP, corresponding amount of iron oxides  
present in the ash before APP, and iron content in 300 mg of the studied ash

Sample 
number

T (transmission) Mass of Fe in 
50 mL of HCl 
solution [mg]

Corresponding mass in the ash 
before APP [mg]

Mass of Fe in 
300 mg of ash 
used for APP 

(RT) [mg]420 nm 460 nm 500 nm Fe2O3 FeO

3 0.3 19.0 81.3 39.382 56.306 50.664 10.273
4 0.3 15.8 84.0 43.990 62.895 56.593 7.855
5 0.3 26.3 86.1 31.258 44.690 40.213 6.011
6 0.4 33.6 91.0 25.137 35.939 32.338 6.181
7 0.3 18.3 85.3 40.320 57.647 51.871 4.978
8 0.3 24.7 85.4 32.826 46.933 42.230 3.971
9 0.3 23.3 88.0 34.284 49.017 44.106 6.593
10 0.3 12.4 81.2 50.045 71.551 64.383 9.383
11 0.3 2.8 69.7 83.346 119.163 107.224 29.766
12 0.3 4.5 73.1 75.373 107.764 96.967 27.575
13 0.3 8.0 78.9 60.996 87.208 78.471 20.794
14 0.3 13.4 83.1 48.107 68.781 61.889 25.319
15 0.3 24.3 86.5 33.234 47.516 42.755 29.324
31 8.6 70.2 97.4 6.725 9.615 8.652 0.338
32 12.8 74.4 98.8 7.477 10.690 9.619 0.379

Explanations: values in bold were used to calculate the masses; RT  – mass at room temperature.

Fig. 6. The mass of iron present in 300 mg of the ash being studied. Based on spectral analysis of the solutions obtained after 
a single application of APP and on initial masses of ash used for APP at room temperature

To compare the results, we also calculated 
the mass of iron in 300 mg of the ash (Table 3; 
300 mg is the smallest mass of ash sample used for 
the experiment). It can be concluded that the ash 
from highly organic samples nos. 11–15 and with 

LOI550 values >80% had the largest content of iron 
(Fig. 6). As expected, the samples with the high-
est weight loss after APP corresponded to the ones 
with the largest content of iron and, accordingly, 
its oxides (samples nos. 11–15).

https://journals.agh.edu.pl/geol
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Atomic absorption spectroscopy (AAS) 
results

Four HCl solutions (samples nos. 3, 4, 11 and 15) 
were subjected to AAS to identify the metal ele-
ments present. The solutions were found to con-
tain iron (Fe), potassium (K), magnesium (Mg), 

calcium (Ca), manganese (Mn), sodium (Na), zinc 
(Zn), lead (Pb) and copper (Cu), with iron being 
the most dominant.

Textural analysis results
Laser grain size distribution for both untreated 
and HCl-treated ash are shown in Figures 7 and 8.

Fig. 7. Laser grain size distribution for untreated ash

Fig. 8. Laser grain size distribution for HCl-treated ash
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The results of calculating the mean grain size 
Mz (using Gradistat software) for the initial grain 
size distribution data, including the percentage 
difference in Mz values are shown in Table 4.

Table 4
The mean grain size Mz values for the initial grain size dis-
tribution data, along with their percentage differences (after 
Folk & Ward 1957)

Sample 
number

Mean grain size (Mz) 
[μm] Difference  

by 
treatment 

[%]

Group 
of 

samplesUntreated 
ash

HCl- 
treated ash

3 21.62 15.36 41

I
4 24.18 15.78 53

5 23.43 16.71 40

10 25.98 15.35 69

6 27.31 19.85 38

II
7 34.28 25.85 33

8 43.23 30.57 41

9 31.75 22.00 44

11 22.49 16.99 32
III

12 21.41 20.98 2

13 21.79 33.75 55

IV14 21.15 35.33 67

15 21.30 33.05 55

31 188.20 227.71 21
V

32 174.64 201.33 15

After analyzing the data, it was observed that 
both the untreated and HCl-treated ash samples 
can be categorized into various groups based on 
their features (Table 4  – Group of samples). The 
classification of these groups was determined 
based on the difference in the LOI550 values (Ta-
ble 2), mean grain size Mz values (Table 4) and on 
the difference in the textural groups values that 
were obtained through statistical processing using 
the Gradistat software (Tables 5, 6).

The first group, consisting of samples nos. 3–5 
and 10 (Table 5), showed a relatively large differ-
ence in mean grain size (Mz) values (40–70%, Ta-
ble 4) and LOI550 ranging from 35 to 58%. Based 
on the results of the textural analysis of the ash 
after APP, this was a group of samples with a low 

sand content (5.68–9.19%, Mz ≈ 6 phi). However, 
the untreated ash samples had a  higher amount 
of sand fraction ranging from 9.83 to 19.19% 
(Mz = 5.3–5.5 phi). This group of samples had few-
er admixture of medium, fine, and very fine silt 
particles in the untreated ash compared to the 
HCl-treated ash. Additionally, there was a signif-
icant difference in the amount of very coarse silt, 
with the untreated ash samples containing from 
26.03 to 29.33% and the acid treated ash samples 
containing from 14.68 to 16.99%.

In the second group of samples, which in-
cluded samples nos. 6–9 (Table 5), the LOI550 val-
ues ranged from 14 to 32%. The difference in the 
mean grain size Mz values was around 30–40% 
(Table 4). The LOI550 showed a trend of decreasing 
and then increasing values. An interesting obser-
vation was that the grain size distribution for both 
untreated and HCl-treated ash samples showed 
a clear wavy pattern of increase and then decrease 
of sand fraction (Figs. 7, 8). This means that the 
textural features were preserved regardless of the 
state of the ash, with the main difference being the 
amount of sand fraction. The untreated ash con-
tained more sand (ranging 20.18–38.02%) com-
pared to the samples treated with HCl (ranging 
14.72–25.85%). Additionally, the untreated ash 
had a  lower amount of medium, fine, and very 
fine silts compared to the HCl-treated ash but had 
a higher amount of very coarse silt.

The third group of samples (nos. 11, 12) 
showed similarities to the group IV, with LOI550 
values exceeding 80% (Tables 2, 6). The differ-
ence in the mean grain size Mz values was one of 
the lowest and reached 2% for sample no. 12 and 
32% for sample no. 11 (Table 4). This group was 
notable for its substantial clay admixture in the 
ash samples after the ash purification procedure 
(Mz = 5.6–5.9 phi). Additionally, there was a high-
er percentage of sand fraction present in the ash 
samples after HCl treatment (17.8 and 23.65%) 
compared to the untreated samples (12.66 and 
13.41%). The untreated ash also had a higher ad-
mixture of very coarse silt (26.25 and 29.58%) 
than the HCl-treated ash (13.76 and 16.64%). Fur-
thermore, there was a higher percentage of coarse 
silt in the untreated ash compared to the ash after 
the HCl procedure.

https://journals.agh.edu.pl/geol
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Table 6
Grain size distribution in percentage for Groups III, IV and V, with the percentage difference for the untreated and HCl-treated 
ash results 

Group III

Sample 11 Sample 12

Untreated 
ash [%]

HCl-
treated 
ash [%]

Difference 
by treat-
ment [%]

Untreated 
ash [%]

HCl-
treated 
ash [%]

Difference 
by treat-
ment [%]

Coarse sand 0.00 0.23  –  0.00 0.00  – 
Medium sand 0.36 2.03 463 1.12 0.59 91
Fine sand 1.50 4.88 225 2.86 7.39 158
Very fine sand 11.55 10.67 8 8.68 15.68 81
Very coarse silt 29.58 13.76 115 26.25 16.64 58
Coarse silt 24.49 17.82 37 26.48 16.64 59
Medium silt 15.50 21.09 36 17.35 18.18 5
Fine silt 10.78 17.00 58 11.58 14.17 22
Very fine silt 4.13 7.23 75 4.39 5.83 33
Clay 2.11 5.30 151 1.28 4.90 282
SAND 13.41 17.80 33 12.66 23.65 87
MUD 86.59 82.20 5 87.34 76.35 14

Group IV

Sample 13 Sample 14 Sample 15

Untreated 
ash [%]

HCl-
treated 
ash [%]

Difference 
by treat-
ment [%]

Untreated 
ash [%]

HCl-
treated 
ash [%]

Difference 
by treat-
ment [%]

Untreated 
ash [%]

HCl-
treated 
ash [%]

Difference 
by treat-
ment [%]

Coarse sand 0.00 0.01  –  0.00 0.00  –  0.00 0.00  – 
Medium sand 1.26 2.16 71 1.60 1.02 58 1.41 0.53 166
Fine sand 3.70 11.41 208 4.39 13.12 199 2.73 10.18 273
Very fine sand 9.10 23.82 162 6.98 24.66 253 7.29 24.86 241
Very coarse silt 24.26 21.16 15 22.30 21.14 5 24.46 24.97 2
Coarse silt 26.89 13.32 102 29.07 13.21 120 29.22 12.20 139
Medium silt 18.13 11.99 51 19.57 11.78 66 19.70 11.43 72
Fine silt 11.14 9.10 22 11.10 8.70 28 10.91 9.37 16
Very fine silt 3.95 3.64 9 3.89 3.38 15 3.71 3.41 9
Clay 1.58 3.40 115 1.10 3.00 172 0.57 3.04 431
SAND 14.06 37.38 166 12.97 38.79 199 11.43 35.57 211
MUD 85.94 62.62 37 87.03 61.21 42 88.57 64.43 37

Group V

Sample 31 Sample 32

Untreated 
ash [%]

HCl-
treated 
ash [%]

Difference 
by treat-
ment [%]

Untreated 
ash [%]

HCl-
treated 
ash [%]

Difference 
by treat-
ment [%]

Coarse sand 2.55 3.02 18 0.29 2.57 786
Medium sand 34.98 41.87 20 30.30 36.14 19
Fine sand 39.31 42.47 8 43.93 41.24 7
Very fine sand 11.40 7.34 55 14.10 11.07 27
Very coarse silt 5.27 1.29 308 5.29 1.90 178
Coarse silt 3.43 1.51 127 3.20 2.26 41
Medium silt 1.70 1.26 34 1.63 2.37 46
Fine silt 1.10 1.05 5 1.06 1.85 74
Very fine silt 0.26 0.18 44 0.20 0.59 194
Clay 0.00 0.00  – 0.00 0.00 – 
SAND 88.24 94.70 7 88.62 91.02 3
MUD 11.76 5.30 122 11.38 8.98 27

Explanations: significant differences (in our opinion) are highlighted in bold; SAND  – sum of sand fractions; MUD  – sum of silt and clay fractions.
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The fourth group is represented by samples 
nos. 13–15 (Table 6) with LOI550 values above 
80%. The difference in the mean grain size Mz 
values was around 55–65% (Table 4). This group 
showed significant differences in the results of 
grain size distribution between samples of un-
treated and HCl treated ash. The amount of sand 
fraction in the analyzed samples was notably 
different, with HCl-treated ash having higher 
sand fraction admixture (over 35% of sands, and  
Mz ≈ 5 phi) compared to untreated ash (less 
than 15%, and Mz ≈ 5.5 phi respectively). Addi-
tionally, the ash samples from this group have 
more clay fraction after HCl treatment, while un-
treated ash showed a higher amount of coarse silt 
fraction (up to 30%).

The fifth group consisted of sand samples nos. 
31 and 32 (Table 6) with LOI550 values <6%. This 

group had a difference in the mean grain size Mz 
values of about 15–20%. Notably, the untreated 
ash had a more significant amount of silt fraction 
(11.38 and 11.76% in samples nos. 32 and 31, re-
spectively) compared to the ash treated with HCl 
(5.3 and 8.98%). As a result, the mean grain size in 
phi scale (Mz) for the samples after APP was lower 
(with values tending towards 2 phi) than for the 
untreated ash samples (about 2.5 phi). The main 
difference among the silt fractions was the higher 
quantity of very coarse and coarse silts in the un-
treated ash samples (8.49 and 8.7%) compared to 
the HCl-treated samples (2.8 and 4.16%).

Microscopic analysis results
The results of the analysis of untreated and 
HCl-treated ash under a light microscope are pre-
sented in Figure 9.

Fig. 9. Microscopic images of individual components of the studied ash from the core PKK-1-2 (photos by D. Tsvirko, 2023): 
A), B) diatoms Cymbella sp. (A) and Pinnularia sp. (B) from the untreated ash sample no. 3 (depth: 10–15 cm); C) HCl-treated 
ash sample no. 3 (depth: 10–15 cm) with a fragment of mineral particles probably bonded by metal compounds (1) and a frag-
ment of mineral particles separated from metal compounds by APP (2), the photo without a scale bar; D), E) diatoms Pinnular-
ia sp. from the HCl-treated ash sample no. 3 (depth: 10–15 cm); F), G) freshwater sponge spicules in the HCl-treated ash sample 
no. 4 (depth: 15–20 cm)

A

C
D E

B
F G
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DISCUSSION 
AND INTERPRETATION
Ash mass loss after HCl treatment
After undergoing the ash purification procedure 
(APP), the ash being studied experienced a decrease 
in weight (Table 2). Spectral analysis revealed that 
this weight loss was partly due to the removal of 
iron compounds from the ash (Table 3), including 
iron oxides that had been formed during ignition 
in a muffle furnace (during LOI550 procedure). Since 
before APP iron was in the form of oxides, the mass-
es of these compounds were estimated using data 
from the SPEKOL11 spectral analysis (Table 3). The 
masses of iron oxides FeO and Fe2O3 were calculated 
based on the total mass of Fe found in the acid solu-
tion, and represented the maximum possible mass 
of iron oxide (FeO or Fe2O3) present in the ash sam-
ple (Table 3). However, it is most likely that part of 
the Fe was in the form of FeO, while the other part 
was in the form of Fe2O3.

If we compare the masses of iron oxides listed 
in Table 3 with the amount of disappeared ash at 
room temperature (Table 2), it becomes clear that 
the iron compounds did not occupy the entire size 
of the disappeared mass, but only part of it: Fe2O3 
could potentially occupy from 16.03 to 35.63% of 
the disappeared mass, while FeO  – from 14.42 to 
32.06%. However, it should be noted that the per-
centage comparison provided was based on the 
mass at room temperature, and did not account 
for moisture absorbed by the ash. In our study, we 
did not use a desiccator, so moisture from the air 
at room temperature was included in the ash mass. 
In fact, it is important to consider that a greater 
volume of ash was occupied by iron oxides.

According to atomic absorption spectrometry 
results, the rest of the disappeared mass was like-
ly constituted by other metal compounds such as 
K2O, K2CO3, MgO, MgCO3, CaO, CaCO3, MnO2, 
Na2O, Na2CO3, ZnO, PbO, CuO, Cu2O and others.

Environmental factors and metal content 
in biogenic deposits
The ash purification procedure resulted in the 
highest ash weight loss (ranging from 51.14 to 
72.62%  – Table 2) for samples nos. 11–15 which 
had LOI550 values between 80 and 85%. These 
samples were highly organic, which apparent-
ly contributed to their ability to absorb a greater 

amount of metal elements from the environment 
(on metal absorption see Rashid 1974, Brown 
et al. 2000, Krumins & Robalds 2015). For in-
stance, the significant presence of Fe in samples 
nos. 11–15 (Fig. 6) could be due to its absorption 
from iron-saturated groundwater (on groundwa-
ter fluctuations and Fe see Bigham et al. 2002). 
However, it cannot be concluded that samples rich 
in organic always contain a  substantial amount 
of absorbed metal compounds. Additional ex-
periments on other highly organic samples, such 
as samples nos.  19–24 and  28 (with LOI550 val-
ues ranging 69.33–76.42%  – Table S2 in the OSM, 
Fig. 3), showed that the ash mass loss after the APP 
and the amount of metal elements and their ox-
ides and carbonates were not as significant as for 
samples nos. 11–15. In this case, it is more appro-
priate to refer to the potential of a  large amount 
of organic matter to absorb more metal elements 
from the environment.

It is important to consider that other environ-
mental factors can impact the metal content in 
organic matter. Specifically, high levels of Fe ob-
served in samples nos. 11–15 and additional sam-
ples nos. 16–18 (Fig. 3, Table S2 in the OSM) may 
be attributed to fluctuations in the level of ground-
water saturated with Fe (on this topic see Bigham 
et al. 2002). During the profile sampling in Au-
gust 2020, the groundwater level was at approx-
imately 0.8 m below surface  – which aligns with 
the range of these samples. We believe that in our 
case, the fluctuations in groundwater level were 
the key determinant in the distribution of metals 
compounds in the sediment profile.

In fact, metal cations, which were part of ox-
ides and carbonates, may accumulate in biogen-
ic deposits through various means. Groundwater 
saturated with metal elements has been identified 
as one possible source (on this topic see Bigham 
et al. 2002). Metal accumulation in living organ-
isms during their vital activities is another poten-
tial source, especially for plant organisms that are 
fundamental in the formation of biogenic depos-
its. Plants require elements such as Fe, K, Mn, Na, 
Zn, Cu, and others to survive and develop (Vatan-
sever et al. 2017, Kaur et al. 2023). One more pos-
sible source is metal contamination of biogenic 
deposits and plants as a  result of anthropogenic 
activities (Patel et al. 2020). However, the APP de-
scribed in this study effectively removed all these 
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metals from the ash. The authors suggest that 
these metal cations should be considered either as 
part of the organic component of biogenic sedi-
ments or as part of post-sedimentary process-
es (i.e. formation of metal compounds as a result 
of fluctuations in the groundwater level, natural 
decomposition, and the humification of organ-
ic matter, etc.). To avoid misinterpretations of the 
textural analysis results, it is necessary to remove 
these metal cations from the ash.

Actual organic matter content (OMC) 
in geological deposits
After removing both metal cations and their ox-
ides and carbonates from the ash samples, we 
were able to estimate the actual OMC (Fig. 5). In 
fact, biogenic deposits had more organic matter 
than what was initially shown through the LOI550 
method, which does not account for the formation 
of metal oxides and carbonates during the igni-
tion process. When considering metal cations as 
part of the mineral component of biogenic sedi-
ments, the actual organic matter content will lie 
between the LOI550 values and the values of OMC 
after APP (Fig. 5).

Use of the ash for laser textural analysis
By applying the proposed procedure of using HCl 
acid to purify ash from metal oxides and carbon-
ates, we gained insights into the problem of using 
the ash for textural analysis.

Based on our investigations, it has been estab-
lished that relying on results of textural analy-
sis for untreated ash from organic samples with 
LOI550 values exceeding 80% can lead to inaccurate 
interpretations. For instance, our analysis showed 
that untreated ash samples nos. 13–15 did not re-
flect the substantial sand fraction admixture as 
recorded after APP (Figs. 7, 8). Moreover, the re-
sults for untreated ash of highly organic samples 
nos. 11 and 12 did not mirror the actual grain size 
distribution. From the diagram presented in Fig-
ure 7, it is evident that the untreated ash samples 
nos. 11 and 12 had a  sand fraction content that 
was nearly identical to samples nos. 13–15. How-
ever, upon analyzing the HCl-treated ash, it was 
revealed that the sand fraction admixture in sam-
ples nos. 11 and 12 was significantly lower (Fig. 8). 
It should also be noted that the untreated ash for 
samples nos. 11 and 12 obscured a  considerable 

amount of clay and medium silt fractions in the 
mixture. All these observations can be explained 
by the fact that such highly organic deposits, with 
high admixture of metals (Figs. 3, 6), form high 
amount of metal oxides and carbonates during 
ignition in a  muffle furnace. Aggregates formed 
by these metal compounds and silt and clay par-
ticles impact on the results of grain size distribu-
tion analysis for the mineral component of bio-
genic deposits (i.e. for ash samples after LOI550 
procedure).

Among the samples analyzed, the formation 
of metal carbonates took place almost exclusive-
ly in highly organic samples nos. 11–15 (Table 2). 
The untreated ash from these samples also had the 
strongest red color (Fig. 4A), but after interact-
ing with HCl, it changed to grey color (Fig. 4B), 
along with the disappearance of most of the ash 
mass (Table 2). Accordingly, the amount of organ-
ic matter in the samples was an important factor 
that should be taken into account when planning 
textural analysis of the ash after LOI550. This is be-
cause the more organic matter in sediments, the 
more CO2 is released during ignition, which forms 
carbonates upon further reaction with metal ox-
ides (Formula (3)). Additionally, the more organ-
ic matter in the sediments, the more metals can 
potentially be absorbed from the natural environ-
ment, which later form metal oxides and carbon-
ates during ignition, “contaminating” the studied 
ash for textural analysis. Also, the more organic 
matter together with metals in the sediments, the 
greater volume of their ash will contain aggregates 
of metal oxides and carbonates.

The next detail was that the ash from the sam-
ples with lower organic matter content (around 
30% or less), formed fewer metal compounds 
during ignition (Table 2). Our results show that 
this was the case for samples nos. 6–9, for which 
LOI550 values ranging from 14.79 to 31.31% and 
a  high admixture of sand fraction was defined. 
This sand admixture was visible both in the results 
of textural analysis of the untreated ash and the 
HCl-treated ash (as shown in Figures 7, 8). There-
fore, it is generally advisable to rely on the textural 
analysis data of the untreated ash, but only to ob-
serve the granulometric trend of the sand admix-
ture. However, it is important to note that the tex-
tural analysis of untreated ash in such cases can 
only reveal the trend of sand admixture, while 
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the obtained quantitative values will not neces-
sarily reflect the actual composition of the miner-
al component of biogenic deposits. The untreated 
ash samples nos. 6–9 contained significantly more 
sand-sized particles than the HCl-treated samples.

In our example, we encountered an unclear situ-
ation involving medium organic samples (nos. 3–5 
and 10). For these samples LOI550 values range 
from 35.92 to 57.71% (Table 2). On the one hand, 
there seemed to be a slight presence of sand frac-
tion in both the untreated ash and the HCl-treated 
ash (Figs. 7, 8). The amount of coarse silt was very 
similar for these samples (Table 5). However, on 
the other hand, the untreated ash contained more 
very coarse silt, while the HCl-treated ash had 
more medium, fine, and very fine silt fractions. To 
ensure more reliable results for ash textural anal-
ysis of medium organic samples, the authors rec-
ommend using the APP described in this paper.

During the analysis of sand samples nos. 31 
and 32, an interesting discovery was made re-
garding the “contamination” of untreated ash. It 
was found that this “contamination” was main-
ly caused by silt particles. It was especially well 
seen in the case of untreated ash of sample no. 31 
(which had a LOI550 of 5.96%), containing twice as 
much silt (primarily coarse and very coarse silt) 
as the HCl-treated ash (Table 6). However, overall 
results indicated that sand samples with minimal 
organic matter (LOI550 values <6%, Table 3) can be 
analyzed for ash texture without APP treatment. 
The grain size distribution analysis of both un-
treated and HCl-treated ash for samples nos. 31 
and 32 showed that fine and medium sand frac-
tions were dominant.

Based on the collected materials, we can draw 
some general conclusions. All untreated ash sam-
ples had an excess of very coarse silt or, in some cas-
es, coarse silt when compared to the HCl-treated  
samples. Accordingly, metal oxides and carbon-
ates formed in the muffle furnace had a significant 
impact on the amount of these fractions and can 
obscure the results of grain size distribution anal-
ysis. It is possible that metal oxides and carbonates 
grew on the surface of small silt particles, caus-
ing them to enlarge and become coarse and very 
coarse silts, and sometimes even very fine sand, 
as noted for samples nos. 3–10, 31 and 32. Metal 
compounds may have also grown on sand parti-
cles, increasing their size. It is also possible that 

particles stuck together to form aggregates due to 
the formation of metal oxides and carbonates (Fig. 
9C). Further studies and verification are needed to 
confirm these conclusions about the form of exis-
tence of metal compounds at the ash micro level 
after LOI550 procedure.

It is important to note that in samples nos. 11–15,  
31 and 32 there was a  distinct increase in the 
amount of sand fraction after HCl treatment (Ta-
ble 6), which in some cases led to an increase in 
the mean grain size Mz (samples nos. 13–15, 31 
and 32  – Table 4). For samples nos. 11–15, we ex-
plain this by a  decrease in ash volume after the 
HCl procedure (Fig. 4). After undergoing HCl 
treatment, these samples exhibited a  significant 
decrease in the amount of very coarse and coarse 
silt fractions. This resulted in relative increase of 
content of sand fraction. Thus, sand fraction con-
stituted a higher proportion of the ash volume af-
ter HCl treatment. A  decrease in the content of 
very coarse and coarse silt particles after APP also 
occurred for samples nos. 31 and 32.

A separate topic for research is how the tem-
perature of 550°C affects the mineral component 
and whether mineral particles could be destroyed 
in the muffle furnace. Here we only note that the 
diatoms found during the microscopic analysis of 
the studied ash retained their sculpture after heat-
ing to 550°C (Fig. 9).

The suggested ash purification procedure 
(APP) can assist in identifying lithological bound-
aries when there is uncertainty. This approach is 
particularly useful in cases like ours, where sam-
ples nos. 6–9 showed a considerable sand content 
that could be indicative of lithological boundaries.

It is important to note, however, that our con-
clusions were based on a limited selection of sam-
ples (only fifteen in total). Nevertheless, the sam-
ples we presented were varied in composition and 
represent diverse deposit types.

CONCLUSIONS

The summary included the following findings 
from the research:
1.	 The ash purification procedure (APP) was in-

troduced as a  laboratory technique to puri-
fy ash from secondary metal oxides and car-
bonates that are formed during ignition at 
550°C with absorption of O2 and CO2 from the 
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atmosphere. The quantity of metal oxides and 
carbonates in the ash is dependent primarily on 
the amount of metals found in the biogenic de-
posits before ignition. All these impurities dis-
tort the results of grain size distribution analy-
sis of the untreated ash after LOI550 procedure.

2.	 Following the implementation of the ash puri-
fication procedure (APP), there was a decrease 
in the ash mass as a result of elimination of sec-
ondary metal oxides and carbonates. The high-
er the presence of metal oxides and carbonates 
in the ash, the more significant the reduction in 
ash mass.

3.	 A  particularly significant difference between 
the results of grain size distribution analysis for 
untreated and HCl-treated ash was documented 
for highly organic deposit samples containing 
substantial amounts of metal compounds. To 
avoid any possible misinterpretations, we rec-
ommend that the ash be purified of metal com-
pounds before undergoing textural analysis.

4.	 According to the obtained results, the untreat-
ed ash of all investigated samples was featured 
by higher amount of very coarse and/or coarse 
silt fractions compared to the HCl-treated ash. 
This is due to the formation of aggregates of 
metal oxides and carbonates with mineral par-
ticles during LOI550 procedure. Additionally, 
the untreated ash had a  lower content of me-
dium, fine, very fine silt, and/or clay fractions 
compared to the HCl-treated ash.
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