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Abstract
Background

Sandy soils in arid and semi-arid regions suffer from low fertility and poor water retention, limiting crop yields. This study tested four low-
cost geological materials from Egypt's Western Desert (Upper Cretaceous Quseir and Duwi formations): brick red siltstone (M), green
siltstone (H), Ca-bentonite-rich black shale (B), and glauconite (G). This work aimed to investigate the applied singly and in binary, triple,
and quaternary combinations (2% w/w) to sandy soil, their effects on Zea mays L. seedling growth were assessed across fifteen
treatments and a control, in triplicate, two weeks after germination. XRD/XRF confirmed illite-dominant siltstones, Ca-bentonite-rich black
shale, and glauconite minerals. The concentrations of major oxides, including SiO,, Al,O,, Fe,0,, Ca0, Na,0, K,0, and Mg0, in the studied
sediments were determined using XRF analysis.

Results

The GM mixture produced the greatest shoot length (23.4 cm), while B, G, GH, and GHM treatments enhanced root length by 1.77-2.3-fold
relative to control. GH, GHM, and the quaternary mixture increased shoot fresh weight (up to 1.66-fold), and GHM gave the highest root
fresh weight ratio (2.11-fold). Chlorophyll a peaked under BG (2.12 mg g~ F. Wt.), while soluble protein content was highest in shoots under
BH (12.3 mg g~") and in roots under H (9.25 mg g-'). BM and BH treatments maximized soluble sugar accumulation (9.9 and 10.8 mg g,
respectively), and BG produced the greatest Na* accumulation in both shoots and roots (6.8 and 9.9 mg g-*), accompanied by elevated K+
(1.7-2.7 mg g~") under H and its binary mixtures. Correlation analysis linked free amino acid metabolism closely to ionic balance and
osmotic adjustment across treatments.

Conclusion

Overall, bentonite and glauconite, particularly combined with green siltstone, most effectively enhanced growth, photosynthetic pigments,
and osmolyte accumulation, highlighting their promise as sustainable, slow-release amendments for improving crop productivity in
nutrient-poor sandy soils. Moreover, the markedly increased in K* content of shoots promotes photosynthesis efficiency, whereas the
increased Na* content in roots played an important role in osmotic adjustment whichever facilitated water and mineral uptakes in plants
growing under arid and semi-arid conditions.

Introduction

Excessive use of artificial fertilizers causes soil salinization and pollution. While natural fertilizers such as glauconite and bentonite are
eco-friendly, low coast and abundant in the warm deserts. Globally, the sandy soil is poor in their fertility and low water retention. Hence,
the applying of geological materials to sandy soil enhancing soil fertility increases cation exchange capacity and improved the essential
nutrients constituents, ultimately plant productivity.

Natural fertilizers are slow-release components, reduce nutrient leaching from the soil and provide long term plant growth [1]. The addition
of these geologic materials promotes the morphological traits of plants such as length, fresh weight & leaf area [2-3]. Furthermore, the
addition of natural superabsorbent materials to sandy soils improved the plant growth and chlorophyll contents which is an indicator of
photosynthetic efficiency [4-5].

Application of geological materials provided plants by essential macro- and micro- nutrients which supports metabolic activities as
constituent of enzymes and improve growth and stress tolerance of plants [6]. These nutrients play a crucial role in the construction of
plant vital molecules such as carbohydrates, proteins, amino acids and enzymes. Soluble carbohydrates and amino acids are soluble
compatible osmolytes that act as osmotic protectors and reduce the osmotic potential of cell [7] which are helpful for plants exposed to
adverse environmental conditions. Moreover, the osmotic pool provided by Na and K elements which are abundant in geological materials
participate in the osmotic adjustment of xerophytes and indirectly through increasing water-soluble metabolites [8].

The supplying slow -release elements of natural geological materials is a sustainable approach to ameliorate crop productivity. Thus, the
present investigation is an attempt to understand the synergetic effect of different geological materials on the growth performance and
physiological parameters in Zea mays L. seedlings. The study includes the effect of each brick red siltstone (M), green siltstone (H), black
shade (Ca- bentonite B) and glauconite (G) and their binary, triple and quaternary mixture as additive materials to fine sandy soils. The
evaluation of the obtained data was done using analysis of variance (F test) and degree of correlation between different parameters under
different treatments.
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Materials and methods

The Upper Cretaceous geological materials exposed along the Kharga—Dakhla stretch at the Western Desert of Egypt were used in the
present study. For clarity, these sediments are abbreviated as follows: the brick red siltstone of the Mut Member (M), approximately 30 m
thick; the green siltstone of the Hindaw Member (H), about 6 m thick; the Ca-bentonite-rich black shale (B), approximately 12 m thick; and
glauconite of the Duwi Formation (G), approximately 2 m thick (Fig. 1).

1. (a) The brick red siltstone (M) of the Mut Member of Quseir Formation at Teneida area.
2. (b) Green siltstone (H( of Hindaw Member of Quseir Formation at Abu Tartur area.
3. (c) black shale (B) and glauconite (G) of the Duwi Formation at Abu Tartur area. after Hassan [9].

The mineralogical composition of the studied sediments was investigated by using X -ray diffraction (XRD) and the elemental analysis was
determined by using X-ray fluorescence (XRF).

Experimental seeds of Zea mays L. var. everta Sturt (cultivated plants) were used for experimentation. The seeds of Zea mays were
supplied by the Crop Science Department, Faculty of Agriculture, Assiut University, Assiut, Egypt. The mature seeds were germinated in
plastic pots containing 1000 g of air- dry sandy soil (Fine texture). This sandy soil was collected from Kharga Oasis in the western Egyptian
desert. The pots containing sandy soil were treated with the addition of natural geological materials. The chosen geological materials were:
B. red siltstone (M), green siltstone (H), black shale (Ca-bentonite, B) and glauconite (G). Certain amounts (2% of the soil weight) of
geological materials (B, G, H, binary, triple and quaternary mixtures were added to each pot incubated. Zea mays seeds in addition to
control (15 treatments + Control). Three replicates were assigned at random to each treatment level. Soil was irrigated with distilled water
reaching field capacity (20% of soil weight).

Under natural laboratory conditions, the experiment was carried out, where the air temperature was 35 - 24°C during the day and night,
respectively, relative humidity of the air was 35-40% with daily artificial and natural illumination. Seeds germination was carried out in
plastic pots, and plumule emergences took place after 2— days.

At the end of the experiment, the growth parameters of healthy seedling (Two weeks ago) of the investigated plants were detected. These
parameters included fresh weight & length of shoot and root, as well as length and weight treatment/control ratio.

Determination of chlorophyll characteristics:

Chlorophyll (a) and chlorophyll (b) were extracted from fresh leaves of Z mays using 85% acetone, the calculation of chlorophyll content
(mg. g~ ! fresh weight), total chlorophyll (a + b) and chl. a /b ratio and quantified according to Lichtenthaler [10].

Preparation of plant extracts for analysis:

Seedlings of investigated species were washed with distilled water and dried thoroughly with filter paper (Whitman No.1). Excised parts
(shoots and roots) were freshly weight (0.5 g) and homogenized in 10 ml of ice-cold distilled water, followed by centrifugation at 7000 rpm
for 15 min. The supernatant was transferred to a glass bottle, and extracts were kept in freeze until assays of ions and metabolites.

Determination of soluble nitrogen metabolites:

Free amino acids (A.A.) and soluble proteins (S.P.) were determined according to producers described by Lee and Takahanshi [11], Lowry et
al, [12] respectively. By using spectrophotometer UNICAM model UV-Vi's spectrometry (Made in England), the content of each metabolite in

different parts of experimental plants has been expressed in mg. g™ fresh weight.

Determination of total soluble sugars (SS)

In the extracts of both shoots and roots of investigated plants, the total soluble sugars were determined according to Dubois et al [13].

Analysis of Na and K ions:

Sodium (Na*) and potassium (K*) ions were determined using Carl Zeics flame photometer was applied and the calculation was done
according to Williams and Twine [14].
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Statistical analysis:

The data obtained from the results had been statistically evaluated by analysis of variance (One way), and simple linear correlation
coefficient (r.) between different plant parameters according to Ostle [15]. The statistical analysis was conducted using the SPSS program
[16].

Results

Mineralogy and geochemistry:

The X-ray diffraction (XRD) patterns for the brick red and green siltstones (Fig. 2a, b) display a dominant peak at 8.44° (28), indicating that
illite is the primary clay mineral. The Ca-bentonite-rich black shale exhibits a high smectite content (up to 85%), consistent with Williams et
al. [17], and is characterized by a basal reflection at ~ 5.8° (28) (Fig. 2c). For the glauconite, XRD analysis (Fig. 2d) evolved glauconite as
the dominant mineral phase.

The chemical compositions of the studied sediments were quantified via X-ray fluorescence (XRF) analysis, with full datasets compiled in
Table 1. High concentrations of K,0, Fe,0,, and MgO in the brick red and green siltstones reflect the presence of illite and dolomite,
alongside iron-bearing clay minerals and iron oxides. For the Ca-bentonite-rich black shale, the major components are SiO, (57.60 wt. %),
Al,O, (16.93 wt. %), and Fe,0; (6.33 wt. %). These silica and alumina levels confirm smectite dominance, whereas the elevated iron is
driven by pyrite. Lastly, the glauconite sample features 5.92 wt. % K0, signifying a slightly evolved maturity stage according to Odin and
Matter [18]. The complete chemical compositions of the brick red siltstone, green siltstone, black shale (Ca-bentonite-rich), and glauconite
samples are presented in Table 1.

Table 1
Chemical analysis of the applied sediments
Sample Si0,% Al,0;% Ca0% Na,0% K,0% Fe,0;% Mg0%
Brick red siltstone (M) 52.06 14.26 2.32 1.45 3 8.28 4.53
Green siltstone (H) 52.61 21.68 0.45 0.35 4.28 6.74 1.14
Ca-bentonite rich (B) 57.60 16.93 1.3 0.09 1.13 6.33 2.19
Glauconite (G) 51.05 5.92 1.46 0.15 5.66 21.73 2.87

The symbols displayed were previously defined in the preceding text.
Effect of geological materials on Zea mays characteristics

1-Growth parameters:

a-Shoot and root length

The effect of different geological materials on the shoot and root length of Zea mays plants was illustrated in Fig. 3a. It was noticed that
the shoot length was slightly responded to by the addition of geological materials, where a maximum shoot length (23.4 cm) was observed
with GM mixture. Conversely, the geological materials supplied to sandy soil exhibited an increase in the root length, especially with B, G,
GH and GHM treatments (13.3-17.9 cm). This is indicated by the length treatment/control ratio which tended to 1.77-2.3 (Fig. 3c),
whereas the low ratio (0.73) was observed under H treatment. Commonly, the amended geological materials were greatly affected on the
root length nor the shoot length.

b-Shoot and root weight

Apparently, the addition of GH materials to sandy soil produced a high fresh weight of shoot followed by GHM and quaternary mixture
which indicated by the ratio of shoot fresh weight treatment/control (High value was 1.66). The low ratio (0.77) was found with H and BH
materials. In the case of root fresh weight, the high value was observed in the presence of GHM materials, and the low value was detected
with supplied BM. The treatment /control ratio of fresh weight indicated that GHM materials had the highest value (2.11) and the lowest
value (0.82) existed with BM and BGH treatments (Fig. 3b, d).

c-The water content (WC)
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The applying geological materials exhibited an increase on the WC in both shoots and roots of Z. mays (Fig. 4). The roots gained a high
amount of WC particularly with the triple mixture. The lowest WC in shoot and root of Z. mays parts was shown with H and G amendments,
respectively. This implied that the addition of investigated materials helpful in soil water retention ultimately increased WC of incubated
plants.

d-Chlorophyll parameters (Chl.)

The addition of M, BG, GH and BHM materials stimulated Chl. a content of Z. mays plants which tended to a maximum (2.12mg g™ '. F. Wt.)
with BG treatment (Fig. 5). While the Chl. b content was markedly increased in the presence of single and quaternary geological materials.
Apparently, the total Chl. content stimulated with applying M, BG and BHM amendments. Adversely, the Chl. a/b ratios produced a high
value by applying the binary and triple mixture materials.

e-Water soluble metabolites:

1-Nitrogen metabolites

a-Free amino acids (A.A.)

The changes in A.A. contents in Z. mays parts were variable under different treatments of geological materials (Fig. 6a). It was noticed that
the addition of H materials to sandy soil stimulated the A.A. of both shoots and roots. The same results were observed with mixtures
except in the case of GH treatment. Conversely, the GHM, GBM and quaternary mixtures had a negative effect on the A. A. content of roots.

b-Total soluble proteins (S.P)

The supplied H and binary BG, BH and BM mixtures had a boosting effect on the S.P. content of both shoots and roots of Z. mays (Fig. 6b).
A highest S.P. content was observed in shoots (12.3 mg. g~'F.Wt.) with BH treatment, whereas the S.P. content of roots tended to a

maximum (9.25 mg. g”'F.Wt.) under H treatment. Generally, the rest of the additive geological materials to sandy soil had adverse effect on
the S.P. of both Z. mays parts.

2-Total soluble sugars (S.S.)

The presence of different geological materials investigated exhibited an increase in S.S. content of Z. mays organs, exceptionally, G, H, GH,
and GM treatments had a negative effect (Fig. 6¢). In general, S.S. of roots was relatively high compared to that of shoots. Among the

treatments, BM and BH produced the highest S.S. content in both shoots and roots (9.9 and 10.8 mg. g~ F.Wt., respectively).

Na* and K* contents:

At different treatments the roots gained a high Na* content than that of the shoots (Fig. 7a). It was noticed that the maximum Na* content
in both shoot and root (6.8 and 9.9 mg. g~'F.Wt,, respectively) was attributed to the presence of BG materials. While the applied M and BGH
mixture in the sandy soil had adverse effect on the Na content of Z. mays roots (Minimum value was 2.9 mg. g~'F.Wt.).

Conversely, to Na content, the shoots gained a high K content compared to that in roots. The H and binary mixtures (1.7-2.7 mg. g_'F.Wt.)
stimulated the K content of shoots (Fig. 7b). The same was true in the case of K* in roots at different treatments except with application of
B and M materials.

Statistical evaluation:

From the ANOVA (Table 2), the effects of different geological materials investigated on the morphological and physiological parameters of
Z. mays were significant and highly significant. Exceptionally, the F value of Chl. a, amino acids and soluble sugars of roots were non-
significant under the effects of amended geological materials. Correlation between different parameters of Z. mays investigated at various
treatments was shown in Tables (3,4 and 5).
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Table 2
F values for the effect of geological materials on different parameters investigated of Zea mays plants (df = 15)

Morphological F Metabolites F Chlorophyll F lon F
parameters parameters parameters parameters

Shoot L. 4.41"  Shoot proteins 10.45™ Chla. 1.685 [Shoot Na 16.34™
Root L. 11.86" Root proteins 4.79"  Chlb. 6.74* RootNa 7.92"
Shoot /Root ratio L. 453"  Shoot amino acid 293" Total chlorophyll 217*  ShootK 7.82"
Shoot Wt. 33.76* Rootamino acid 1.918 Chl a/b ratio 571" RootK 827"
Root Wt. 5523  Shoot sugar 2.82™

Shoot /Root ratio Wt. 10.99" Root sugar 1.800

**Significant at 0.07 level * Significant at 0.05 level - Non-significant

Table 3

Correlation coefficient (r.) between morphological parameters (shoot length SL, root length RL, shoot weight SWt,
root weight RWt) and ions (Na & K of shoot and root) in Zea mays at different geological materials.

Parameters SL&RL SL&SW RL&RW SW&RW Shoot Na Root Na Shoot K Root K
G. materials S.L. SWt. RL. RWt SL SWt RL RWt
Control - * - * - - kK - % Xk R
B - - - - - - - * - - ek
G kk - - i kL - . ek - -
H - - * - * ok - - - - Sk
M - o - - - - - - - - - -
BG - - : - * - - * - * - Ak
BH - - - Ak - Ak - - - - - *
BM - - - o i - - Ak T - Ak
GH - - - *k Sk - - - - Sk
GM - - - o - - - o - ek S+
HM - ok ok - - - - . *k Kk - -
BGH - - ok - - - *h ok - - * o
BHM * Sk : - - - - ok - - - -
GHM - - - - - Ak * * - - - -
GBM - - - * - *k - *k * Sk
BGHM - - - - - - - o - - - -
**Significant at 0.071 level * Significant at 0.05 level - Non-significant

The applying of some geological materials to sandy soils exerted a significant correlation between the parameters of Z. mays investigated.
In the case of morphological characters, the shoots wt. was positively correlated root wt. with the addition of B or G materials mixed with
both H and M materials. The Na content of roots was positively correlated with root wt. and vice versa with K content at different
treatments. The same was true in the case of Na and K content of shoot with shoot Wt. with applying BGH materials, the root length was
positively correlated with both ion contents. In contrast the presence of G materials exerted a negative correlation between Na of shoot and
shoot length, whereas the H and BG materials had adverse effects. While HG materials had a negative correlation between different
parameters of shoots.
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A wide correlation between metabolites investigated in Z. mays and applying various geological materials (single& mixtures). In the B and
BGH treatments the A.A. was positively correlated with S.P, S.S. and total Chl. contents of shoots (Table 4). In roots the same was
recorded with M materials, whereas A.A. had a negative correlation with S.P. and S.S. in the presence of BH materials. The same correlation
was observed between A.A. and S.S. in shoot under BH, BM and GH treatments. The correlations between S.P. and S.S. in Z. mays organs
was few compared to that A.A. This means that the addition of geological materials to plants incubated in sandy soils played a crucial role
in the free amino acid’'s metabolism of Z. mays.

Table 4

Correlation coefficient (r.) between metabolites (amino acids A A, soluble protein S P, and Soluble sugars S
S) and total chlorophyll in Zea mays at different geological materials.

Parameters AA&SP AA&SS SP&SS AA&Chl. SP&Chl. SS&Chl
G.materials  Shoot Root Shoot Root Shoot Root

Control - - - - *x - *x - -
B o - - i o * - - .
G - - - * - - ok - -
H ok - - * - - - . .
M ok ok - ok - ok - - .
BG - ok * - - - ok - ok
BH ok * ok * - - - - .
BM - - ok - - - * - -
GH - - ok i - - - - .
GM - - - ok - - ok - -
HM - - - - - - - - -
BGH ok ok * - * - o ok -
BHM - - - - - - - - *ok
GHM * - - . - - x ok -
GBM - - - - ok - - - -
BGHM - - ok - - - ok - ok
**Significant at 0.01 level * Significant at 0.05 level - Non-significant

The recorded correlations between metabolites with Na and K was variable with the application of geological materials (Table 5). The BH
treatment exerted a positive correlation between K and A.A. contents of both shoots and roots. Whereas same element was negatively
correlated with S.S. The significant positive correlation existed between Na content and total Chl. with applying H and its mixtures with the
rest materials. The same correlation was found between the total Chl. and K content with BG and BGM materials. In roots, K content had a
positive correlation with A.A. under BH, BM treatments, as well as with Na content. While the quaternary mixture exerted a positive
correlation between Na content and S.S. of the same part. In contrast, Na content was negatively correlated with total S.P. of shoot under
H, BH and GBM treatments.
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Table 5

Correlation coefficient (r.) between ions Na & K in shoot and root with metabolites (amino acids A.A., soluble protein S.P, and Soluble
sugars S.S.( and with total chlorophyll in Zea mays at different geological materials

Parameters K&AA K&S P K&S S Na&AA Na&SP Na&SS K Na
&Chl.  &Chl.
G

materials Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root Shoot Root Shoot Shoot

Control - - - * - - - - ok * * _ : ;

B = - k% * *k k% *% - ** * *%* - - -
G - - - - - - - - - - - k% * -
H - - - *% * - - - % - - - - *
M - - - - - - - - - - *% - - -
B G - - * - - - - - - - - - * -
B H *% * - - =3 k% - - - - - - - *%
B M - * % - - * - *% - - - - - -

GH - - - - - % - Kk * - - - ek -

GM - - - - - - * - - - - - - *
HM - - ok - - - . - ; ; ] . } .
BGH - - - - - - - - - - - R ; -
BHM - - - - - - - - - - B, R kK _
GHM - - - Kk - - - - - - - - - -

GBM - - - - - * - - k% _*% *% - * -

BGHM - - - - - - - - - - - * - *

**Significant at 0.07 level * Significant at 0.05 level - Non-significant

Discussion

Introducing the natural materials to sandy soils occupied warm deserts make it suitable as an alternative fertilizer. The additive materials
not only as single, but also as mixtures helpful for increasing the cation exchange capacity and soil fertility. Accordingly, the present results
refer to the synergy of geologic materials in stimulation of Z. mays root length with GHM mixtures as well as with single B and G
treatments. While the shoot length was slightly affected by the amended substances which indicated by the treatment / control ratio of
root and shoot lengths. This was agreement with Zhang et al., [19], and Farghali and Tammam.[5] in the case of bentonite application.
Similarly, the synergistic effects of natural materials on the fresh weight of both Z. mays organs existed under GH, GHM, and quaternary
treatments in addition to single materials. This means that addition of appropriate amounts of natural fertilizers could be a promising
approach for improving sandy soils and biomass of plant organs [20].

The amendment of geological materials facilitates the water availability and nutrients for plant growth [21]. Both organs of Z. mays gained
a high-water content under different treatments investigated compared to control. Therefore, the natural fine materials increase retention of
soil and support plant water content and growth [22-23].

The natural fertilizers contain several essential elements such as Mg, K, and Fe...etc. which play a crucial role in plant metabolism,
photosynthesis and respiration. In this respect Fe has functions including chlorophyll biosynthesis and maintenance of chloroplast
structure [24]. While Mg is associated with construction of chlorophyll molecules, and K greatly improves chlorophyll content and efficiency
[25]. Apparently, the investigations M, BG and BHM had a boosting effect on the chlorophyll a and total chlorophyll contents. Further,
chlorophyll b was stimulated by additive single and quaternary mixture materials. In general, the suppressed total chlorophyll content of Z.
mays plants was compensated by the chlorophyll a/b ratio at different treatments. This implied that the synergetic effect between some
geological materials was recommended considering the improvement of chlorophylls of plants cultivated in sandy soils.
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Some elements play an essential role in planting enzymatic activities and assimilate. Geological materials enrich minerals which sustain
sandy soil fertility and the main role in metabolic compounds, thereby enhancing plant productivity [26]. The effect of B with H, G and M
mixtures stimulated the soluble protein contents in both shoot and root of Z. mays. The same was true in the case of H and M materials
with proteins in shoot and root, respectively. This indicated that bentonite and green siltstone singly or in combination with the rest binary
mixtures enhance the proteins, ultimately enzymatic activities in Z. mays investigated and water bound partially depends on a colloidal
property of S.P [5]. While the brick red siltstone materials had a deleterious effect on the soluble protein contents of both organs.

The accumulation of free amino acids can act as osmolytes to protect enzymes and is helpful in sustainable viscos properties of
cytoplasm [27]. Thereby, the obtained data pointed to the stimulation of A.A. in shoots with applying binary mixtures HM and BG as well as
GBM & quaternary mixture. Likewise, The A.A. contents of roots were enhanced under H, BM, HM & BHM materials. This indicated that
silicate mineral materials had a boosting effect on the free amino acids of roots and improved stress resistance [28]. Adversely, the low
levels of A.A. in both Z. mays organs under glauconite treatment (single or in mixture) might be attributed to the toxic effect of excessive
Fe. Commonly, the roots gained a higher amount of A.A. than those of the shoots, whereas the shoots had superiorities in the soluble
protein contents.

The increased root ability to uptake water and nutrients from the soil depends on the root osmolality attributed partially to the soluble
sugar's contents, particularly under drought conditions [29]. Apparently, the roots had considerable S.S. contents than the shoots at
different treatments. The applying of bentonite and green siltstone in single or in combination with glauconite and red siltstone materials
enhanced the S.S. content in both Z. mays organs. While the glauconite and red siltstone singly had a suppressive effect on S.S. content of
both shoots and roots might be due to increase in the respiration rate and breakdown of S.S. in both organs. Thereby, sugars play pivotal
roles in osmoregulation and chelating abilities to bind Na* to starch granules, K* accumulation to maintain a lower Na/ K ratio in tissue [30].

The root uptake and transport of elements to shoots occurs against the concentration gradient and as an energy requiring translocation
process [31]. The increased Na* inhibits the uptake of nutrients such as K* by interfering with transporters in the root plasma membrane
[32]. The presented data revealed that the shoots of Z. mays accumulate K* more than that of the roots and vice versa with Na*. This

means that the mechanisms of osmotic adjustments in some plants depend on the accumulation K* and /or sharing with Na* ions [33].
Noticeably, the bentonite and glauconite mixture enhanced the Na contents in both shoots and roots organs. Similarly, the applying GHM

and GBM triple had a boosting effect in shoots and roots, respectively. While the red siltstone had adverse effect on Na* of both organs. In
the case of K*, the binary mixtures HM and BM had considerable content in both shoots and roots, respectively. The same effect of green

siltstone application on K* in both Z. mays organs. Therefore, ions accumulation might be one of the most effective strategies for plant
adaptations to arid and semi-arid environments [8].

Statistical data (F test) indicated that the application of used geological materials had a highly significant effect on morphological,
metabolic and mineral constituents of both shoots and roots. This implied that the additions of natural fertilizers were beneficial for raising
the level of elements such as K, Mg, Fe etc. in soil which promote biochemical activities and improved the plant growth. In some cases,
these natural materials had adverse effects that might be due to toxicity and/or antagonism of mineral in incubated sandy soil [34].

The data obtained emphasized that geological materials had a significant effect on the correlations between different parameters of
investigated Z. mays organs. The improvement of shoot and root growth was indicated by the positive correlation between shoot weight
and root weight with applying mixtures of bentonite or glauconite with H and M materials. Likewise, the applied BGH materials promote the

root length and weight which indicated by a positive correlation with both Na* and K* contents in root. While the shoot length stimulation
was attributed to low Na* levels under BGH treatment. Moreover, Ca & Mg participates in many metabolic activities and shares the same
charging trend with K* [35].

The total chlorophyll was significantly correlated with different metabolic compounds, especially A.A., Therefore, the presence of siltstone
substances enhances enzyme activities by inducing systematic resistances in plants ultimately reducing ROS which reflect the positive
effects of silicate minerals materials in plant growth [28]. This indicated that natural fertilizers improve photosynthetic efficiency and
assimilate production of Z. mays. The correlations of both soluble proteins and soluble sugars were few compared to that of free amino
acids which implied that the amended geological materials played a crucial role in the A.A. metabolism in shoot and roots of investigated
plants. There was strong correlation between ions and metabolites. Those ions like Na* cause imbalance and oxidation stress in plants
[36]. With bentonite application, Na* had a positive correlation with different metabolic compounds, and vice versa in the case of K*. Under
GBM application, soluble proteins were negatively correlated with Na* in both shoots and roots, whereas soluble sugars had a positive
correlation with Na*. Likewise, the total chlorophyll positively correlated with Na* with the application of H and different mixtures of

geological materials. With BH amendment, the K* had a positive correlation with A.A. and negative correlation with soluble sugars, of both
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Z. mays organs. This means that ions play important roles in metabolic synthesis and physiological processes, through ionic balance and
interaction of ions with metabolic compounds in plant leaves [37, 35].

Conclusion

The present study demonstrated that the geological materials investigated such as brick-red siltstone (M), green siltstone (H), black shale
rich in Ca-bentonite (B), and glauconite (G) had significant effects on various growth and physiological parameters of Zea mays plants.
These materials release their nutrients gradually over an extended period, also influenced the relationships among morphological
characteristics, metabolite contents, and Na* and K* concentrations in shoots and roots. Furthermore, free amino acids showed significant
correlations with both Na* and K*, highlighting their crucial role as osmolytes in enzyme protection and in enhancing plant tolerance to
adverse environmental conditions. Overall, bentonite and glauconite, whether applied individually or in combination with the other
geological materials, primarily improved plant growth performance and increased the concentrations of water-soluble metabolites in Z.
mays, thereby potentially enhancing plant productivity. Noticeably, the brick red siltstone singly had a suppressive effect on most metabolic
parameters investigated. Moreover, the marked increase in K* content in the shoots may promote photosynthetic efficiency. In contrast, the
elevated Na* content in the roots appears to play an important role in osmotic adjustment, thereby facilitating water and mineral uptake in
plants growing under arid and semi-arid conditions.
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S.S.

total soluble sugars
WC

water content

F.Wt.

fresh weight

Declarations

Ethics approval and consent to participate

This study uses plant materials and does not utilize transgenic technology, either involve endangered or protected species. We complied
with all relevant institutional, national and international guidelines and the appropriate permissions were obtained from the Faculty of
Science, Assiut University, Egypt, for obtaining Zea seeds. This study was supported by Department of Botany & Microbiology, and
Department of Geology, Faculty of Science, Assiut University, including handling this plant, geological materials and processing the
experiment.

Consent for publication

Not applicable. The authors confirm that the manuscript has been read and approved by all authors. The authors declare that this
manuscript has not been published and is not under consideration for publication elsewhere. All methods were carried out in accordance
with relevant guidelines and regulations.

Competing interests

There was no conflict of interest from the authors.

Funding

Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in cooperation with The Egyptian
Knowledge Bank (EKB). Cooperation with The Egyptian Knowledge Bank (EKB). The authors have no relevant financial or non-financial
interests to disclose.

Author Contribution

All authors reviewed the manuscript

Data availability

All the data are in the published article.

References

1. Sarkar S, Golui K, Tater A. Green Gold: Glauconite is Revolutionizing Eco-Friendly Farming, The Agriculture magazine, Volume-4, Issue-
10 June. E-ISSN: 2583 — 1755; 2025.

2. Malekian A, Valizadeh E, Dastoori M, Samadi S, Bayat V. 2012. Soil water retention and maize (Zea mays L.) growth as effected by
different amounts of Pumice, Australian Journal of Crop Science ISSN:1835-2707 ASCS 6(3)450—-454.

3. Valizadeh A, Neamati H, Tehranifar A, Emami H. Evaluation of Chlorophyll Fluorescence and Biochemical Traits of Lettuce under
Drought Stress and Super Absorbent or Bentonite Application. J Stress Physiol Biochem. 2014;10(1):301-15.

4. Bandian L, Saeb H, Abedy B. Effect of bentonite on growth indices and physiological traits of spinach (Spinacia oleracea L) under
drought stress. J productivity Dev. 2016;2(4):1-6.

Page 11/18



10.
11.
12.

13.

14.

15.
16.
. Williams LB, Haydel SE, Ferrell Jr RE. Bentonite, bandaids, and borborygmi. Res Article/ Elem. 2009;5(2):99-104.
. Odin GS, Matter A. De glauconiarum origine. Sedimentology. 1981;28:611-41.

19.

17
18

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

. Farghali KA, Suzan A, Tammam.. Advantageous effects of bentonite on growth performance and metabolic compounds of two

mesophytic plants in desert sandy soils. BMC Plant Biol. 2026;26:124. https://doi.org/10.1186/s12870-025-07834-7.

. Kaur H, Kaur H, Kaur H, Srivastava S. The beneficial roles of trace and ultratrace elements in plants. Plant Growth Regul.

2023;100:219-36. https://doi.org/10.1007/s10725-022-00837-6.

. Serraj R, Sinclair T. Osmolyte accumulation: can it really help increase crop yield under drought conditions? Plant. Cell Environ.

2002;25:333-41.

. Farghali KA, EI-Sharkawi HM, Rayan AM, Suzan A. Tammam., 2020. Evaluation of lonic Osmotica in Succulent and Non-succulent Xero-

halophytes Inhabiting Hot Oases. Cartina, 22(1):77-90.

. Hassan WA. 2022. Sedimentological studies on the Upper Cretaceous sediments and utilization of their mining wastes: An example

from Abu Tartur, Egypt. M.Sc. Thesis, Assiut University, 209P.
Lichtenthaler K. Chlorophylls and carotenoids: pigments of photosynthesis biomembranes. Methods Enzymol. 1987;148:350-2.
Lee YP, Takahashi T. An improved colorimetric determination of amino acids with the use of ninhydrin. Anal Biochem. 1966;14(1):71-7.

Lowry CH, Rosebrought NK, Farrand AL, Randall RJ. Protein measurement with the Folin phenol reagent. J Biol Chem. 1951;193:256—
75.

Dubois MP, Gilles KA, Hamilton K, Rabers PA, Smith F. Colorimetric method for the determination of sugars and related substances.
Anal Chem. 1956;28:350-6.

Williams CH, Twine JR. Flam photometric method for sodium, potassium and calcium. In: Peach K, Tracey MV, editors. Modern
methods of plant analysis. Volume 5. Berlin. Gottingen- Heidelberg: Springer-; 1960. pp. 3-5.

Ostle B. Statistics in research. lowa State University Press, Ames. Pp. 585. Pumice. Aust J Crop Sci. 1963;6(3):450-4.
SPSS Statistics for Windows. Version 24.0. Armonk. NY: IBM Corp; 2016.

Zhang Y, Zhena Q, Cuia Y, Zhangd P, Zhang X. Use of montmorillonite-enriched siltstone for improving water condition and plant growth
in sandy soil. Ecol Eng. 2020;145:105740.

Rudmin M, Banerjeeb S, Makarovc B, Mazurova A, Rubana A, Oskinaa Y, Tolkachev O, Buyakov A, Shaldybin M. An investigation of plant
growth by the addition of glauconitic fertilizer. Appl Clay Sci. 2019;180:105178.

Nicolds C, Kennedy JN, Hernandez T, Garcia C, Six J. Soil aggregation in a semiarid soil amended with composted and non-composted
sewage sludge field experiment. Geoderma. 2014;219:24-31.

Hall D, Jones HR, Crabtree WL, Daniels TL. Claying and deep ripping can increase crop yields and profits on water repellent sands with
marginal fertility in southern Western Australia. Soil Res. 2010;48:178-87.

Jia J, Pingping Z, Yang X, Zhang X. Feldspathic sandstone addition and its impact on hydraulic properties. Can J Soil Sci.
2018;98:399-406.

Hansch R, Mendel RR. 2009. Physiological functions of mineral micronutrients (Cu, Zn, Mn, Fe, Ni, Mo, B, Cl), Current Opinion in Plant
Biology, Volume 12, Issue 3, Pages 259-266, ISSN 1369-5266. https://doi.org/10.1016/j.pbi.2009.05.006

Farghali KA. Chlorophyll content and its stability in native species inhabiting the Egyptian desert. J Arid Environ. 1998;40(2):163-75.
Chauhan R, Awasthi S, Tripathi P, et al. Understanding selenium metabolism in plants and its role as a beneficial element. Crit Rev
Environ Sci Technol. 2019;49(21):1937-58.

Werner JE, Finkelstein RR. Arabidopsis mutants with reduced response to NaCl and osmotic stress. Physiolgia Plant. 1995;93:659-66.
Liu C, Liu Y, Bai G, Li Q, Zhou Q, Liu L, Kong L, Xia S, Wu Z, Quintana M, Li T, Zhang Y. Silicate-based mineral materials promote
submerged plant growth: Insights from plant physiology and microbiomes. Volume 952. Science of The Total Environment; 2024. 20
November, 175992.

El-Sharkawi HM, Farghali KA, Rayan AM, Elwahab A, Dalia M. Soluble Carbohydrates Changes in Seeds of Three Senna Species
Germinating under Three Types of Stress. Assiut Univ J Bot. 2016;45(2):1-18.

Kumar V, Khare T. Differential growth and yield responses of salt-tolerant and susceptible rice cultivars to individual (Na* and CI~) and
additive stress effects of NaCl. Acta Physiol Plant. 2016;38:170.

Andresen E, Peiter E, Kiipper H. Trace metal metabolism in plants. J Exp Bot. 2018. Feb 23;69(5):909-954. 10.1093/jxb/erx465. PMID:
29447378.

Katschnig D, Bliek T, Rozema J, Schat H. Constitutive high-level SOS1 expression and absence of HKT1;1 expression in the salt-
accumulating halophyte Salicornia dolichostachya. Plant Sci. 2015;234:144-54.

Page 12/18



33. Farghali KA, EL-Aidarous ABEERA. lons Relationships between Plant and Soil under Hot Desert Conditions. Catrina. 2016;15(1):25-36.

34. Franzosi C, Castro LN, Celeda AM. Technical evaluation of glauconies as alternative potassium fertilizer from the Salamanca
Formation, Patagonia, Southwest Argentina. Nat Resour Res. 2014;23:311-20. https://doi.org/10.1007/s11053-014-9232-1.

35. Guo R, Jiao D, Zhou J, Zhong X, Gu F, Liu Q. Metabolic response and correlations between ions and metabolites in Phragmites
communis under long-term salinity toxicity. Plant Physiol Biochem Jun. 2019;139:651-9. Epub 2019 Apr 21. PMID: 31048122.

36. Munns R, Tester M. Mechanisms of salinity tolerance. Annu Rev Plant Biol. 2008;59:651-81.

37. Wu DZ, Shen QF, Cai SG, Chen ZH, Dai F, Zhang GP. lonomic responses and correlations between elements and metabolites under salt
stress in wild and cultivated barley. Plant Cell Physiol. 2013;54(12):1976-88.

Figures

—
; -' - )

Figure 1

Field photographs showing:

(a) The brick red siltstone (M) of the Mut Member of Quseir Formation at Teneida area.
(b) Green siltstone (H(of Hindaw Member of Quseir Formation at Abu Tartur area.

(c) black shale (B) and glauconite (G) of the Duwi Formation at Abu Tartur area. after Hassan [9].
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Figure 3

Average values of (a) shoot and root length (cm) & (b) shoot and root weight (g) & (c) length treatment/control ratio & (d) weight treatment
/control ratio of Zea mays L. under different geological materials [values having similar symbols (a, b, ¢, .... geological materials (indicate no
significant difference according to the Tukey test].
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Figure 4

The average values of shoot & root water content of Zea mays L. under different geological materials.
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Figure 5

Average values of (a) chlorophyll a & b, (b) total chlorophyll (a + b) contents and (c) chlorophyll a/b ratio of fresh leaves (mg. g”' fresh
weight) of Zea mays L. under different geological materials [values having similar symbols (a, b, c, ...geological materials (indicate no
significant difference according to the Tukey test]
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Figure 6
Average values of (a) amino acids, (b) soluble proteins and (c) soluble sugars (mg. g™ fresh weight) in shoots and roots of Zea mays L.

under different geological materials [values having similar symbols (a, b, c, ...geological materials (indicate no significant difference
according to the Tukey test].
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Figure 7

Average values of (a) sodium and (b) potassium contents (mg. g™ fresh weight) in shoots and roots of Zea mays L. under different
geological materials [values having similar symbols (a, b, c, ...geological materials (indicate no significant difference according to the Tukey
test].
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