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The genesis of dolostone has long been puzzling for more than two centuries. Although much work has been done on investigating
the process of dolomitization, little emphasis has been put on examining the diagenetic water redox condition with the wealthy
geochemical information preserved in primary dolomite, which is believed to archive the aqueous environment as well as biotic
and/or abiotic effects during formation. In situ interpretation with high resolution is a prerequisite in refined research of
dolomite. Here, we reported the multielement imaging results of a lacustrine dolomite nodule with the host black shale from
the Songliao Basin, northeast of China. Micro X-ray fluorescence (μ-XRF) with a spatial resolution down to 10 μm was used
for in situ scanning. Two key parameter settings of the μ-XRF, including single-point exposure time and spatial resolution,
were optimized to achieve a better result in a reasonable scanning time scale. The final imaging data graphically revealed
dynamic variation of elemental distributions, including elements enriched in dolomite (e.g., Ca, Mg, Fe, and Mn), clastic quartz
(Si), and clay minerals (e.g., Al and K) and redox-sensitive trace elements (e.g., Cr, Mo, V, and U). The well-preserved
laminated structures inside the nodule and the features with a magnesium-rich core wrapped with an iron-concentric outer
layer and a manganese-concentric shell together indicated its primary form as dolomite and a gradual transformation into
ankerite as well as manganese-ankerite. The elemental variation indicates a varied bottom water redox condition, which
involved from sulfidic to ferruginous and manganous zones. Here, we propose that the intermittent supplies of sulfate and Fe-/
Mn-oxidized minerals interrupting the black shale deposition while favoring dolomitization might be brought by the oxidized
and salted seawater. And this lacustrine dolomite is expected to be a potential fingerprint mineral in tracking the seawater
intrusions to the Songliao Basin which happened 91 million years ago.

1. Introduction

Ever since the first description of dolomite (CaMg(CO3)2)
by Dolomieu [1] more than 200 years ago, the genesis of
dolomite deposit has long been puzzling and gives rise to
the so-called “dolomite problem” [2]. Being one kind of
dolomite, ankerite (Ca(Fe, Mg)(CO3)2) is formed when
more than half of magnesium is replaced by iron. Up to
now, understanding the genesis of dolostone has long been

a particularly intriguing challenge [3], as the lack of modern
analogues is a major stumbling block in relating the growth
of those ancient dolostones to the observations of modern
sediments [4].

So far, massive dolostones are attributed to slow burial or
hydrothermal dolomitization of calcite or aragonite precur-
sors by Mg-rich fluids at temperatures of >100°C [3, 5, 6].
In contrast, other studies have asserted that dolomites can
form at low temperatures in pore waters during early
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diagenesis [7, 8]. According to the theory of penecontem-
poraneous replacement, early diagenetic dolomitization of
calcite or aragonite precursors occurred at temperatures of
<60°C via Mg-rich reflux in pore water [9]. With the
evidence of evaporitic mineral remnants, penecontempora-
neous replacement has been consolidated as the Triassic
Dolomia Principale of the Dolomite Mountains of Italy,
shallow-marine dolostone units, and some saline lacustrine
dolomite deposit under strong evaporation [10, 11]. Another
mechanism advocating the primary genesis is the organo-
genic or bacteria-induced dolomite model. This one primar-
ily involves direct precipitation of high-Mg calcite and
dolomite from water or pore water in near-surface sediment
under microbial-organic mediation [12], followed by the
transformation to a more ordered dolomite structure by
Ostwald’s rule [13] during early burial time [14, 15], which
has been proved by both laboratory experiments and field
observations [15–21]. To date, four kinds of microbial-
mediated dolomite formation models, including sulfate
reduction [12], anaerobic methane-consuming [22],
methanogenic model [19, 23], and aerobic oxidation [24]
had been hypothesized for various microenvironmental
conditions at the water-sediment interface.

As a special type of sediment, lacustrine dolostones in
the form of beds or nodules have been widely discovered
in the Phanerozoic black shales, including the Middle Perm-
ian lake deposits in the Junggar Basin [19], the Later Creta-
ceous lake deposits in the Songliao Basin [25], and the Early
Paleogene lake deposits in the Bohai Bay Basin [26]. These
dolomites were supposed to be results of organic matter
degradation through biotic and/or abiotic processes during
the deposition of organic-rich black shales [19, 25], whereas
the causes that triggered the intermittent dolomitization
during lacustrine anoxic events remained unknown.

Although much trial has been done in interpreting the
genesis of lacustrine dolomite, little emphasis has been put
on examining the diagenetic water redox condition(s) dur-
ing dolomitization. Among all the approaches addressing
dolomite formation, X-ray diffraction (XRD) has been
mainly adopted for crystal structure analysis [15, 27, 28].
Microscopes, such as scanning electron microscope (SEM)
and Cathodoluminescence Microscope (CLM), are also
frequently used to observe the dolomite nanocrystals at
micro- to nanometer scales [2, 29–31]. However, based on
these applications merely, the wealthy geochemical informa-
tion preserved in primary dolomite, which is believed to
archive the aqueous environment as well as biotic and/or
abiotic effects during formation, cannot be well character-
ized. And the sedimentary characteristics documenting the
chemical reactions and diagenetic processes would then be
ignored. Micro-X-ray fluorescence (μ-XRF) outperforms in
achieving the goal mentioned above, which is now thriving
in the geological field and has a capability to extract wealthy
information from various sediments [32–35]. In situ μ-XRF
scanning outperforms with its nondestructive, fast, and easy
measurement of element spatial distribution with high reso-
lution [36]. And it has been demonstrated to be a powerful
tool in understanding the superposition of geological events
recorded within modern deltaic, lacustrine, and marine

deposits [36–39], as well as core rocks from ancient geolog-
ical time [40]. These results radically improve our understand-
ing of paleoclimate and environmental changes, even issues
concerning the evolution of the earth system down to annual
and even subannual scales. So far, in situ μ-XRF scanning has
seldom been applied to interpret the genesis of dolomitization,
whereas this technique manages to visualize the elemental
distribution so as to display delicate genetic characteristics.

Herein, a dolomite nodule from the Late Cretaceous
Lake deposits was selected to do scanning with micron reso-
lution by using μ-XRF. Basic guidelines particularly on
single-point exposure time and spatial resolution for effec-
tive acquisition of elemental and stratigraphic information
were proposed. The multielement imaging results are used
for interpretation of dolomite genesis, from which the varied
redox conditions of the paleo-lake-bottom water and the
possible reasons are well depicted. This kind of lacustrine
dolomite might serve as the key to unveiling the mystery
of dolomite genesis from a comprehensive view of sedimen-
tology and geochemistry.

2. Sample and Methods

2.1. Sample Preparation. The dolomite nodule was sampled
from one core with a depth of 2553.6m in the Songliao
Basin, northeast of China. The nodule was well preserved
and encased by the black shales of the Upper Cretaceous
Qingshankou Formation (Figures 1(a)–1(c)). High-
precision CA-ID-TIMS zircon U-Pb dating results
(91:886 ± 0:11Ma, 90:974 ± 0:12Ma) from the ash layers at
the lowermost and uppermost of the first member of Qing-
shankou Formation, respectively [41] constrain the forma-
tion time of the dolomite nodule to be 91 million years ago.

On the polished sectional surface, laminar sedimentary
features were easy to be identified both along the edge and
inside the nodule (Figure 1(d)). The dolomite sample from
the convergent part of this nodule (position around point 3
in Figure 1(d)) and the host black shale were crushed into
powders with a tungsten carbide grinding disc for X-ray
diffraction tests. A standard thin section with a 1 cm × 1
cm area covering the transitional zone between nodule and
underlying black shale (area A in Figure 1(d)) was prepared.
The sample was placed on a glass slide, and the thickness
was reduced by polishing with a Rotpol-35 (Struers) to a
standard value of 30μm, which was used for optical and
scanning electron microscopic (SEM) observation.

2.2. X-Ray Diffraction. The mineralogy of nodule and host
shale were determined in the Research Institute of Petro-
leum Exploration and Development by using X-ray diffrac-
tion (Rigaku SmartLab) equipped with a Cu tube and a
monochromator. The powders of nodule and host shale
were pressed into cakes with a diameter of 1 cm. The work-
ing voltage and current of the X-ray generator were 40 kV
and 150mA, respectively. Scan range (2θ) was selected from
2.6 to 45° with an interval of 0.02°.

2.3. Microscopic Observation. The 30μm thickness slice sam-
ple was examined using an optical microscope (Olympus

2 Geofluids



4500P) to take microphotographs under transmission light.
Then, the nodule sample on a glass slide was coated with
carbon for scanning electron microscope-energy dispersive
X-ray spectroscopy (SEM-EDS) analysis, which was per-
formed using a FEI Apreo equipped with an integrated
high-speed detector (Bruker, Germany). The beam acceler-
ating voltage of second electron (SE) images and EDS anal-
yses was 5 kV and 20 kV, respectively. The spot size and
working distance were both 5μm. Areas including the core
and rim parts within the dolomite nodule were chosen for
SEM imaging.

2.4. In Situ μ-XRF Scanning and Multielement Imaging.
Multielement in situ X-ray fluorescence (XRF) imaging was
performed with a Bruker M4 Tornado Micro-XRF in the
Research Institute of Petroleum Exploration and Develop-
ment. The selected areas were scanned with a 20μm diame-
ter X-ray beam, which was derived from an Rh anode with a
working voltage of 50 kV and a working current of 200μA at
20Mbar atmospheric pressure. In a vacuum state, the energy
spectrum emitted by the Rh-tube is primarily suitable for the
elemental measurements from Na to U. The information of
14 elements (Mg, Al, Si, P, S, K, Ca, V, Cr, Mn, Fe, Sr, Mo,
and U) related to the lithological components of dolostone
and host shale (e.g., dolomite, ankerite, quartz, and clay
minerals) was extracted and analyzed.

Although in situ μ-XRF scanning can provide rapid
acquisition of high-resolution elemental datasets, some

experimental parameters, such as single-point exposure time
and spatial resolution, have an important influence on the
quality and credibility of the data. Increasing single-point
exposure time can provide more precise information but
greatly extend the whole analysis time. Higher spatial resolu-
tion can offer plentiful information from more sites in a
reasonable analysis time, with a sacrifice of single-point
exposure time which is related to the data accuracy. There-
fore, it is necessary to optimize the performing parameters,
including single-point exposure time and spatial resolution
of the μ-XRF, to obtain sufficiently accurate imaging data
in a reasonable testing time.

2.4.1. Single-Point Exposure Time. Before targeting the ideal
position for single-point exposure time testing, 5 representa-
tive positions in Figure 1(d) were tested with a default expo-
sure time of 10 s and a default beam-diameter of the beam of
25μm. These positions are located at the host black shale
(point 1), the inner part of the nodule (point 2), the conver-
gent part of this nodule (point 3), the transitional zone of the
black shale and the nodule (point 4), and at an amorphous
fallen inclusion (point 5), respectively. Then, 19 single-
point exposure times, including 1ms, 2ms, 4ms, 10ms,
20ms, 40ms, 80ms, 90ms, 100ms, 150ms, 200ms, 300ms,
500ms, 800ms, 1 s, 5 s, 10 s, 20 s, and 30 s, were conducted
at point 2 with 3 times repeat, respectively.

A 5mm width and 60mm height area (area B in
Figure 1(d)) passing through the nodule and adjacent host
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Figure 1: Dolomite nodule encased by black shale from front (a), side (b), rear (c), and sectional (d) views. Area A in (d) covering the
transitional zone between dolomite nodule and host black shale was observed by using optical microscopy. Five points (1-5) in the
sectional surface in (d) were selected to do single-point μ-XRF analysis and parameter optimization. The whole sectional surface and
areas B-D were scanned with resolutions of 25 μm and 10 μm, respectively, by using μ-XRF.
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black shale was selected and scanned with a spatial resolu-
tion of 50μm but different single-point exposure times of
4ms and 300ms, respectively.

2.4.2. Spatial Resolution.When the scanned mapping of area
B in Figure 1(d) was converted into data, five data moving
average types, including 1-point, 2-point, 4-point, 10-point,

and 20-point that corresponded with the spatial resolutions
of 50μm, 100μm, 200μm, 500μm, and 1000μm, respec-
tively, were chosen to check the minimum requirement of
spatial resolution for sedimentary elemental responses.

Considering the elemental responses under different
single-point exposure times and spatial resolution require-
ments, the whole sectional surface was scanned twice with
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Figure 3: (a) Optical pictures of the transient zone from black shale to dolomite nodule, which was taken from area A in Figure 1(d) with
microscopic transmission light. The ruler is 2mm. The lamina pointed with an arrow is a detrital mineral layer containing quartz particles.
(b) Amplified image of the dolomite crystals with blue color at their outer rims after dyed with alizarin red, which was a sign of ankerite. The
ruler is 100 μm. (c) Amplified image of the convergent part of a quartz debris lens in the host black shale. The ruler is 500μm.
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Figure 2: X-ray diffraction (XRD) spectra of the dolomite nodule and host black shale. Kln: kaolinite; Qtz: quartz; Dol: dolomite; I/S: illite/
smectite; Fel: feldspar.
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different parameter settings. The spatial resolution was set as
25μm vs. 200μm, while the single-point exposure time was
set as 4ms vs. 300ms, respectively. The boundary between
dolomite nodule and host black shale (area C in
Figure 1(d)) and a “drop-stone” (area D in Figure 1(d)) were
further scanned with a spatial resolution of 10μm and a
single-point exposure time of 4ms.

2.5. Statistical Data Processing. The raw elemental data of
area B in Figure 1(d) were further investigated by using a
principal component analysis (PCA) method to reveal the
correlations among elements. The PCA was performed by
using the statistical software of SPSS 21, which was capable
of simplifying large datasets into several groups of variables

(i.e., factors), with the notion that interrelated results can
be categorized into fewer latent variables but do share an
unobservable variance. Before extracting factors, tests
including Kaiser-Meyer-Olkin (KMO) Measurement of
Sampling Adequacy and Bartlett’s Test of Sphericity were
conducted to assess the suitability of the PCA method.

3. Results

3.1. Mineral Compositions and Microstructural Characteristics.
XRD results show that the nodule is mainly dolomite
(70.2%), with small amounts of quartz (14.0%) and clay
minerals (15.8%) (Figure 2(a)). Differently, the host black
shale is mainly composed of clay minerals (54.0%) and

7 𝜇m

1
2

3

4

(a)

Ca Ca  Mg C 
Fe 

Fe 
O 

S 
Al Si 

Ca Ca 
O Mg 

C 
Fe 

Fe 
Al 

Si 

(c
ps

/e
V

)
(c

ps
/e

V
)

(c
ps

/e
V

)
(c

ps
/e

V
)

Ca Ca 
O Mg 

C 
Fe 

Fe 
Si Mn 

Mn 

1

2

Ca Ca 
O Mg 

C 
Fe 

Fe 
Si 

Al 

3

4

ke

ke

ke

ke

S 

(b)

Ca 7 𝜇m

(c)

Mg 7 𝜇m

(d)

Fe 7 𝜇m

(e)

S
7 𝜇m

(f)

Al 7 𝜇m

(g)

Si 7 𝜇m

(h)

Figure 4: SEM image (a) and the corresponding EDX elemental mappings (c–h) of the rim part in dolomite nodule. The EDX spectra of
points 1-4 in (a) are shown in (b), which indicate dolomite (1), ankerite (2), chlorite (3), and pyrite (4), respectively.
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quartz (29.1%), with a small proportion of feldspar (12.1%)
and dolomite (4.8%) (Figure 2(b)).

Distinct sedimentary characteristics can be revealed
under an optical microscope for both nodule and host black
shale (Figure 3(a)). The dolomite nodule has microlithic
structures with crystals of euhedral-subhedral shape
(Figure 3(b)). The blue-colored crystals in Figure 3(b) are a
result of alizarin red dying, which is a sign of iron in anker-
ite. Notably, a sandstone lens with poor-roundness quartz
particles and dark-colored minerals can be well observed
inside the nodule (shown in Figures 3(a) and 3(c)). The host
black shale also has obvious laminated sedimentary features,
including the black organic-rich layers and white quartz-
dominated detritus (Figure 3(a)).

Under SEM, the dolomite crystals show rhombohedrons
of euhedral-subhedral shape with diameters of several to
tens of micrometers (Figure 4(a)). The dark nucleus and
light rim within a single crystal are demonstrated to be dolo-
mite and ankerite, respectively (points 1 and 2 in
Figures 4(a) and 4(b)). Chlorite-dominated clay minerals
(point 3 in Figures 4(a) and 4(b)) filled in the spaces between
dolomite crystals. Pyritohedron-type pyrite crystals (point 4
in Figures 4(a) and 4(b)) with diameters of 1-4μm are float-
ing in the clay minerals. The above mineral compositions
and distributions are further consolidated by the EDS

mapping analysis (Figures 4(c)–4(h)). Notably, dolomite
crystals in the core area are more ephedra than those in
the rim part (Figure 5), indicating a higher degree of dolomi-
tization inside the nodule.

3.2. Elemental Responses of the Mineral Compositions in the
XRF Spectra. XRF spectra at 5 different positions are shown
in Figure 6, and the corresponding atomic weight percent-
ages are listed in Table 1. Among them, peaks of Ca and
Fe elements were well-detected in shale and dolostone
(points 1-4), while Mg and Mn were nearly undetectable at
black shale and limestone inclusion (points 1 and 5). Inten-
sive signals of Si, Al, and K in the host black shale indicate
the presence of quartzes and clay minerals (point 1). The
normalized elemental weight percentage of Mg varied dra-
matically among different positions, with a slightly high
value in the core area of the nodule (point 2, Figure 6(b)),
but low in the outer rim part (point 3, Figure 6(c)) and shell
area (point 4, Figure 6(d)). Specifically,Mn is concentrated in
the shell of the nodule (point 4, Figure 6(d)). Increasing Fe
and decreasing Mg contents from core to rim (Figures 6(b)–
6(d), Table 1) indicated a substitution of Fe for Mg. Point 5
exhibits an abnormally high content of Ca (Figure 6(e),
Table 1), indicating a possible limestone source. The irregular
shape and distinct elemental compositions from the host
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Figure 5: SEM images of the core (a, b) and rim (c, d) areas within dolomite nodule. Dolomite crystals in the core area are more ephedra
than those in the rim.
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dolomite indicated that it might be a “drop-stone” and was
enclosed in the dolomite nodule during early diagenesis.

3.3. Parameter Optimization for μ-XRF Measurement

3.3.1. Single-Point Exposure Time. The influences of single-
point exposure time on elemental signal intensities were
investigated on both single-point measurement and seamless
scanning. Point 2 in the core of the nodule (shown in
Figure 1(d)) was chosen for single-point measurement.

The normalized elemental weight percentages of Ca, Mg,
Fe, and the corresponding data precisions all show signifi-
cant variations with different exposure times (Figure 7).
For all these three elements, 500ms single-point exposure
time is a turning point, from which the accuracy and preci-
sion obtained at even longer times exhibited subtle varia-
tions. However, the signal responses of Ca, Mg, and Fe

differ a lot at shorter single-point exposure times. Mg tends
to be undetectable when exposure time was less than 40ms
(Figure 7), which is attributed to its relatively low-atomic
number with extremely small K-fluorescence yield
(ωK = 0:022) [42]. The K-fluorescence yield (ωK) is the pos-
sibility that a K X-ray could be produced once a vacancy is
created in the K shell. The values of ωK for low-atomic-
number elements are supremely low (such as Mg), acting
as an important factor accounting for their low fluorescence
signal intensity. Comparatively, heavier elements, including
Ca and Fe in this study, are characterized with much higher
K-fluorescence yields (ωK ðCaÞ = 0:164, ωK ðFeÞ = 0:347) [43,
44] and thereby easy for detection. However, there is a sharp
increase of Ca when exposure time increased from 1ms to
2ms, followed by a gradually decreasing trend until 500ms
(Figure 7, Table 2). For both Ca and Fe, shorter exposure time
(less than 500ms) leads to higher but oscillations with large
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relative standard deviations (RSDs) (Figure 7, Table 2), which
can be used to reflect data precision. Then, an exposure time
of no less than 10 s is highly recommended for doing single-
point XRF analysis on dolomite samples. This will guarantee
the detection of Mg, Ca, Fe, and other major elements with
a high level of accuracy (between 97% and 103%) and relative
standard deviation (less than 3%) (Table 2).

Long single-point exposure time will definitely prolong
the scanning time. To examine whether the extremely
short single-point exposure time could achieve multiele-
ment imaging while satisfying the semiquantitative analy-
sis, we compared the scanning results with 4ms and
300ms single-point exposure times at the same region
(Figure 8). Notably, at a spatial resolution of 50μm, the
imaging results for almost all elements with 300ms
single-point exposure time (Figure 8(a)) outperform those

with 4ms (Figure 8(b)). It is worth noting that, although
the signal intensity of Mg in single-point measurement is
significantly influenced by the exposure time (Figure 7,
Table 2), the exposure time no longer limited Mg detection
when doing seamless scanning. Despite a poor resolution,
the seamless scanning with a single-point exposure time
of 4ms is still qualified in imaging the distribution of Mg
(Figure 8(b)). The enriched and depleted areas of Mg are
consistent with the results of 300ms (Figure 8(a)). Similar
great improvements had also been recorded upon P, Sr,
Mn, Al, K, and redox-sensitive elements of V, Cr, Mo,
and U, but not for Ca, Fe, and Si (Figure 8). A speculation
for these results is that the detector could continuously
receive XRF signals returned from the sample surface dur-
ing seamless scanning, and the signal intensities are possi-
bly homogenized.

Table 1: Normalized atomic weight percentages of points 1-5 in Figure 1(d). The total percentages lower than 100% were due to the removal
of other elements. Slashes of some elements mean their contents are below the detection limits.

Elements

Point 1 Point 2 Point 3 Point 4 Point 5

Black shale Dolomite Ankerite
Manganese-
ankerite

Limestone

Ave (%) std Ave (%) std Ave (%) std Ave (%) std Ave (%) std

Mg 0.71 0.14 11.41 0.33 6.73 0.55 3.07 1.39 0.78 0.17

Al 8.34 0.14 1.44 0.12 3.58 0.72 4.82 0.66 0.17 0.08

Si 22.22 0.1 8.84 0.75 12.67 0.1 16.88 3.83 0.61 0.14

P / / 0.01 0.02 0.01 0.02 / / 0.06 0.07

S 0.46 0.05 0.13 0.09 0.09 0.13 0.41 0.33 0.03 0.05

K 2.36 0.19 0.18 0.06 0.17 0.12 1.3 0.11 0.1 0.02

Ca 0.55 0.05 17.61 0.25 11.58 0.12 8.83 3.46 44.49 0.59

Mn 0.02 / 0.18 0.09 0.14 0.02 0.21 0.08 0.27 0.01

Fe 1.49 0.02 4.78 0.11 6.13 0.6 3.54 0.89 2.2 0.29

Sr 0.01 / 0.19 0.15 0.07 0 0.03 0.01 0.24 0.03

Total 36.17 0.07 44.77 0.07 41.17 0.23 39.1 1.52 48.96 0.09

Ave: average; std: standard deviation.
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3.3.2. Spatial Resolution. Compared with the effect of single-
point exposure time, the influence of spatial resolution is far
less significant (Figure 9). The elemental profiles with 50μm
and 100μm spatial resolutions show weak fluctuation, and
distortion-free representation of fine-scale structures could
be achieved with the resolution of 200 or 500μm. However,
some detailed stratigraphic information was missed in the
profile with a resolution of 1000μm. Seven primary sedi-
mentary cyclicities can be identified according to the records
of Ca, Mg, Sr, Fe, Si, and Al (Figure 9). Within each primary
cyclicity, secondary sedimentary cyclicities can further be
recognized, especially from the variation patterns of Ca,
Mg, Sr, and Fe (Figure 9). However, such secondary cyclicity
can only be identified with high resolution, saying no less
than 500μm based on our scanning results here.

3.4. Multielement Imaging of the Dolomite Nodule and Host
Black Shale

3.4.1. Sectional Scanning in Bulk. According to a previous
trial in optimizing single-point exposure time and spatial
resolution when doing large-area seamless scanning, the
image quality impaired by insufficient single-point exposure
time for some elements (e.g., Mg) can be compensated by

continuous signal acquisition. In contrast, the limited image
resolution could not be improved by simply increasing expo-
sure time. Therefore, more emphasis should be put on
spatial resolution when doing elemental scanning.

The multielement imaging of dolomite nodule and host
shale with a spatial resolution of 25μm and a single-point
exposure time of 4ms is shown in Figure 10. Compared with
the host shale, the dolomite nodule is supremely enriched in
Ca, P, Mg, Sr, Fe, and Mn, whereas depleted in redox-
sensitive (V, Cr, Mo, and U) and terrestrial (Al, K, Si, and
S) elements. Interestingly, major elements are not evenly
distributed within the nodule. Laminated areas in the core
of the nodule are specifically enriched in Ca, P, Mg, and
Sr, while Fe is rich in the outer part of the nodule. Mn is
intensively concentrated in the “shell” of the nodule, which
vanished rapidly both inward and outward, exhibiting a
circle-layered pattern. High consistency on the enrichment
of Ca and P has been confirmed, and so do Mg and Sr,
except for the upper area with an inclusion enclosed. It is
noteworthy that some laminae inside the nodule are
enriched in Si and S but depleted in Fe; however, the elemen-
tal responses of clay minerals shown as Al and K are
extremely depleted in the whole nodule. In host black shale,
the elemental distributions of Si, S, Al, K, and redox-

Table 2: Accuracies and relative standard deviations (RSDs) of the measurements of Ca, Mg, and Fe at different exposure times. Data
shaded are averaged and presumed as the true values of Ca, Mg, and Fe contents. The RSD data were the same as those in Figure 6.
Slashes of Mg mean no signal was detected with the set exposure time.

Exposure time (ms)
Ca Mg Fe

Accuracies RSDs Accuracies RSDs Accuracies RSDs

1 80.65 86.88 / / 108.04 37.71

2 140.01 17.22 / / 191.07 45.48

4 192.97 26.77 / / 112.70 37.90

10 149.73 8.21 / / 172.88 16.44

20 148.97 3.26 / / 185.67 22.80

40 115.16 14.13 / / 147.15 23.75

80 122.38 4.43 22.25 61.44 128.80 5.30

90 115.05 6.38 23.63 173.21 139.89 10.45

100 142.35 3.99 / / 156.58 8.73

150 103.94 10.60 34.27 173.21 121.04 14.00

200 116.44 4.29 70.82 39.57 117.86 10.61

300 96.48 9.17 102.35 23.26 101.09 10.51

500 105.44 3.44 94.10 7.01 106.74 3.71

800 105.04 5.40 100.74 4.29 98.33 8.66

1000 100.71 2.41 91.29 1.09 105.36 2.69

5000 96.82 0.84 109.35 0.90 97.31 1.10

10000 99.49 1.41 102.41 2.89 97.33 2.26

20000 99.59 1.11 100.48 1.56 97.42 1.86

30000 99.40 0.99 101.65 1.68 97.51 1.19

Note: the accuracy of each element with different single-point exposure times is calculated following these steps. Take Ca as an example, we firstly calculated
the average data of normalized atomic weight percentages, as shown in formula (1): I = ðN500 +N800 +N1000 +N5000 +N10000 +N20000 +N30000Þ/7, where I
was the calculated average data, which was also set as the true data. Ni ði = 500, 800, 1000, 5000, 10000, 20000, 30000Þ was the raw normalized atomic
weight percentage with a single-point exposure time of 500ms, 800ms, 1000ms, 5000ms, 10000ms, 20000ms, and 30000ms, respectively. Then, the
accuracy of normalized atomic weight percentage with each single-point exposure time was calculated following formula (2): A =Ni/I × 100, where Ni ði =
1, 2, 4,⋯Þ was the raw normalized atomic weight percentage with a single-point exposure time of 1ms, 2 ms, 4 ms, and so on; A was the accuracy of the
raw normalized atomic weight percentage with a single-point exposure time; and I was the calculated average data in formula (1).
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sensitive elements (V, Mo, Cr, and U) show obvious consis-
tency. However, Fe and S are decoupled in some areas, as S is
depleted in Fe concentrated laminae.

In general, the elemental distributions from the second
scanning with a spatial resolution of 200μm and a single-
point exposure time of 300ms (Figure 11) showed little
difference with Figure 10. Longer single-point exposure time
does guarantee a better element detection result, but the

differences of elemental enrichments between host shale
and nodule did not seem to be significantly improved. This
result implies that the loss of elemental signals due to short
single-point exposure time could be compensated with more
pixels during the seamless scanning. Thus, priority should be
given to spatial resolution to capture more geochemical
details, rather than exposure time, which prolongs the total
measurement time with limited image quality enhancement.
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Figure 8: Multielement imaging of area B in Figure 1(d) with a single-point exposure time of 300ms (a) and 4ms (b), respectively. All
images share the same color bar.
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3.4.2. Transitional Zone between Dolomite and Black Shale.
The distinct laminae deposited in the transitional zone
between dolomite nodule and black shale may be closely
linked with the variations of water environment at early
diagenesis. In this view, a delicate scanning of area C in
Figure 1(d) was performed with a spatial resolution of
10μm (Figure 12).

As illustrated in Figure 12, the transitional area from
black shale to dolomite nodule contains several layers in
the following order: a layer rich in organic matter and clay
minerals (shown as the enrichments of Al, K, and redox-
sensitive elements), a layer rich in detrital quartz and iron
oxide minerals (shown as the enrichments of Si and Fe
and depletion of S), another layer rich in organic matter
and clay minerals, another layer rich in detrital quartz
and iron oxide minerals, and the dolomite nodule finally.
Within the nodule, Fe and Mn are enriched alternatively
in the shell, while Ca and Mg are more abundant inside
the nodule.

3.4.3. Amorphous Fallen Inclusions. It is interesting to dig
more information from the amorphous fallen object within
area C in Figure 1(d). Scanning with 10μm spatial resolution
clearly outlines these fallen inclusions (Figure 13), which
display different sizes with irregular morphologies. The
elemental responses of these inclusions differ a lot from the
host dolomite, indicating their foreign origin. These inclu-
sions were immobilized in the Fe enrichment zone, which
is right under the Mn-rich shell, and are specifically abun-
dant with Ca, P, and Sr (Figure 13). Above the inclusions,
Fe is abnormally enriched with slight enrichments of Si
and Al, but not for S (Figure 13).

3.5. PCA of Scanning Dataset. Factor analysis outperforms in
reducing the dimensionality of a large dataset, so as to
simplify the relationships among various elements, which
has been widely applied in geological research [45, 46].
The factor loading is a parameter quantifying how much this
element contributes to this factor. Here, XRF data of
Figure 8(a) with a 1-point moving average was used for sta-
tistical assessment. Three factors were extracted and
accounted for 86.8% of the variance in the XRF dataset.
Based on PCA, four groups are categorized, including
elements enriched in dolomite (Ca, P, Mg, and Sr), those
entering the dolomite lattice later (Fe, Mn), terrestrial (Si,
K, Al, S), and redox-sensitive metal elements (Cr, Mo, V,
and U) (Figure 14, Table 3).

4. Discussions

4.1. Genesis of Dolomite Nodule

4.1.1. Dolomite Precursor. The multielemental imaging
results here suggested a primary genesis for this lacustrine
dolomite nodule. Firstly, the laminated structure inside the
nodule, especially the terrestrial detritus deposited inside
the nodule (Figure 3), the elemental sedimentary cyclicities
(Figure 9), and the initial enrichment of Ca and Mg in dolo-
mite being orchestrated with P and Sr (Figures 10–12), all
indicated that the dolomite nodule was originally formed
as a laterally connected layer at early diagenesis, which
hypothesized its primary genesis. However, with the process
of crystallization shrinkage and uninterrupted compaction
of overlying sediments, the carbonate rock was pulled up
laterally, and thereby forming an ellipsoid shape [47, 48].
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Secondly, the inclusions in Figure 13 consolidate that
the nodule might be plastic colloid at first, rather than
rigid. A previous study showed that the organism respon-
sible for Chondrites burrows could transport carbonate
cement from a nodule into the surrounding sediment,
which would be unlikely unless the nodule was poorly
lithified [49]. And the presence of scratch marks on
exposed nodules, probably caused by crustaceans, is a par-
ticularly persuasive argument in this respect [50]. We thus
propose that dolomite was primarily precipitated at early
diagenesis at the sediment surface or in the pore water
near the water-sediment interface.

Thirdly, the close attachment of dolomite (especially
the ankerite crystals) to chlorite flakes in this study is
another potent evidence supporting the primary genesis
of dolomitization. Highly negative-charged clay minerals
manage to catalyze the abiotic precipitation of dolomite
at low temperatures [51]. The clay surface could facilitate
the process of nucleation, by forming an electrostatic bind-
ing with Mg2+ and Ca2+ ions [52], a possible route for
dolomitization in this study.

4.1.2. Penecontemporaneous Replacement of Dolomite into
Ankerite. Dolomite could naturally contain minor amounts
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Figure 10: Multielement imaging of dolomite nodule and host shale by using XRF. Image size 95:248 × 73:891mm (3810 × 2956 pixels);
25μm pixel size; 4ms exposure time per pixel. All images share the same color bar.
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of element Fe (up to 2mol%) and trace amounts of Mn (up
to several hundreds of ppm) [53]. Because ferrous ion (Fe2+)
and magnesium ion (Mg2+) share similar ionic radii, ferrous
ions from fluid could easily substitute Mg2+ in dolomite and
thereby forming ferroan dolomite or ankerite. However, the
compositional classification between ferroan dolomite and
ankerite is not well defined [3]. Here, the “50% rule” supposed
by the International Mineralogical Association guidelines is
adopted: any Ca–Mg–Fe carbonate containing less than
50mol% Fe in the Mg site would be called ferroan dolomite
(CaðFexMg1−xÞðCO3Þ2, 0 < x < 0:5), while more than
50mol% is called ankerite (CaðFexMg1−xÞðCO3Þ2, 0:5 < x < 1
) [54]. Thus, the relative contents of Fe and Mg at point 2
and point 3 (Figure 1(d), Table 1) consolidate the presence
of dolomite and ankerite, respectively.

From core to rim, the increasing trend of Fe and decreas-
ing trend of Mg (Figures 10 and 11) together indicate the
penecontemporaneous replacement of Fe-rich fluid at early
diagenesis. With the process of crystallization, the inner part

would be impermeable and more closed, while the outer part
still has access to the ambient environment. Then, the occa-
sional Fe-rich fluid would lead to ferruginous dolomite at
the rim part. And this alternation was supposed to occur at
the early diagenetic stage, when pore water was not
completely isolated from lacustrine bottom water.

Inside the dolomite nodule, the enrichment of S has been
detected in detrital quartz layers, indicating the presence of
pyrite. Pyrite crystals have also been recognized in the space
between dolomite crystals by using SEM-EDS (Figure 4). As
a common sulfide mineral, pyrites distribute widely in argil-
laceous sediments and usually act as an indicator of sulfate
reduction reaction occurring [55]. These pyrites with very
fine size (<4 microns) are generally considered to be formed
in euxinic water conditions, indicating a hydrogen sulfide-
(H2S-) containing lake-bottom water with an ephemeral
high sulfate reduction rate, during the initial crystallization
and cementation stage. The formation of these pyrites is
supposed to be mediated by dissimilatory iron-reducing
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Figure 11: XRF elemental maps of dolomite nodule and host shale. Image size 101 × 76:5mm (505 × 382 pixels); 200μm pixel size; 300ms/
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bacteria (DIRB) and sulfate-reducing bacteria (SRB) activi-
ties [56, 57], which provided Fe2+ and H2S, respectively.
Besides, along with the consumption of sulfate by SRB,
Mg, which originally existed in strong iron-pairs of Mg2+

and SO4
2-, was released into water and further favored the

crystallization of dolomite [12]. However, the yield of H2S
might be much lower than that of Fe2+, resulting in a small

amount of pyrite and the mismatches of Fe and S. The exces-
sive Fe2+ further entered dolomite lattice to replace Mg2+,
causing the initial crystallized dolomite to be converted into
ankerite crystals.

4.2. Variations of the Diagenetic Water Redox Conditions.
According to the chemical characteristics of redox-active

Ca P

100

80

60

40

FeSrMg

Mn

Al K V

UMoCr

Si S

3 mm 3 mm 3 mm

3 mm 3 mm 3 mm

3 mm3 mm3 mm

3 mm 3 mm 3 mm

3 mm3 mm3 mm

Figure 12: Multielement imaging of area C in Figure 1(d) by using XRF. Image size 14 × 12:9mm (1400 × 1290 pixels); 10μm pixel size;
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anions and cations (e.g., NO3
-/NO2

-, Mn4+/Mn2+, Fe3+/Fe2+,
and SO4

2-/HS-), the water column can be stratified into dif-
ferent zones [58, 59]. The surface area containing free oxy-
gen to support aerobic metabolisms is referred to be the oxic
zone. When oxygen is depleted in a deeper water column,
metabolisms contributing to nitrate reduction are called the
nitrogenous zone. In or below the nitrogenous zone, dissolved
Mn2+ typically accumulates as a product of Mn reduction,
named as the manganous zone. The removal of dissolved
Mn2+ deep in anoxic environment is governed, mostly, by car-
bonate saturation and precipitation [58]. In the deeper ferrugi-
nous zone, dissolved Fe2+ accumulates due to both biotic and/
or abiotic iron oxide reduction. Then, sulfate reduction typi-
cally takes place and produces an accumulation of dissolved
sulfide in the sulfidic zone. After sulfate is nearly exhausted,
methane is accumulated as the methanic zone.

Specifically, according to the chemosedimentary model
proposed for calcite [60], high contents of Mn and Fe in
calcite could reflect the redox condition of calcite precipita-
tion. This idea is based on the assumption that Mn and Fe
contents are closely related to the initial Mn2+ and Fe2+ in
pore water, which are governed by equilibrium with Mn-

and Fe-bearing minerals in the manganous and ferruginous
water conditions [4]. Therefore, it is suggested that the dis-
tributions of Mn and Fe in dolomite nodule function as an
indicator for the chemical conditions of bottom water. Our
multi-imaging data of this lacustrine dolomite nodule pro-
vides new evidence for this speculation.

As illustrated in Figure 15, the host organic-rich shale
beneath the dolomite nodule was believed to be deposited
in an sulfidic zone, where redox-sensitive elements (Cr,
Mo, V, and U) and S were synchronously enriched
(Figures 10 and 11), while the clastic-rich shale might be
deposited in an anoxic but nonsulfidic environment due to
the decoupling of Fe and S and the depletions of redox-
sensitive elements (Cr, Mo, V, and U) (Figures 10 and 11).
However, the anoxic even euxinic bottom water might be
influenced by the input of oxidized minerals, such as the
insoluble MnO2, colloidal Fe-oxide minerals (e.g., FeOOH
and Fe2O3·nH2O), insoluble sulfate minerals (e.g., BaSO4),
and strong iron-pairs of MgSO4. These oxidized minerals
might be carried by gravity flows or saltwater with free oxy-
gen. High rates of BSR, DIR, and dissimilated manganese
reduction (DMR) will degrade the organic matter and yield
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Mg2+ and HCO3
-, favoring the formation of dolomite. Then,

the excessive Fe2+ and Mn2+ sequentially lead to ferruginous
and manganous zones in the bottom water, which were
elaborately recorded in the dolomite nodule. Therefore, the
nodule might be formed in a varied water environment with
alternative sulfidic and ferruginous conditions, and the dolo-

mitization might come to an end at the manganous zone due
to the limited supply of reactants.

4.3. Possible Reasons for the Formation of Lacustrine
Dolomite Nodule. Similar lacustrine dolostone has been
widely discovered in Upper Cretaceous Nenjiang Formation,
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Figure 14: Varimax rotated factor loadings extracted by principal component analysis (PCA) on XRF data. The highest factor loadings are
dark color-shaded. These three factors account for 86.8% of the total variance, and the extraction rates of all elements are >60%.

Table 3: Rotated factor loading matrix by PCA and the categorized element groups.

Elemental category Element Factor 1 Factor 2 Factor 3

Elements enriched in dolomite nodule Originally enriched in dolomite

Ca 0.965 0.213 -0.087

P 0.921 0.247 -0.177

Mg 0.944 0.196 -0.241

Sr 0.926 0.227 -0.269

Elements enriched in dolomite nodule Later entering dolomite lattice
Fe 0.679 -0.197 0.516

Mn 0.480 0.152 0.773

Elements enriched in host shale Terrestrial elements

Si -0.883 -0.453 -0.017

Al -0.876 -0.410 -0.043

S -0.937 0.045 -0.072

K -0.643 0.148 -0.002

Elements enriched in host shale Redox-sensitive metal elements

Cr -0.359 0.786 0.041

Mo -0.336 0.844 0.058

V -0.279 0.890 0.018

U -0.244 0.575 -0.005
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Songliao Basin. In the core of CCSD-SK II, 62 layers of
bedded and nodular dolostones were identified in Nenjiang
Formation (ca. 84Ma), taking up 2.1% of the total length
[48]. Gao et al. suggested naming the dolostone as ferrugi-
nous dolomite, a transitional species between dolomite and
ankerite in the light of its crystal structure [27]. These dolos-
tones occur as an ellipsoidal lens, of which the interior is
characterized with horizontal foliation through the profile.
Wang et al. supposed that these dolomites were originated
from lacustrine limestone with penecontemporaneous
replacement [48]. During the worldwide transgression in
Late Cretaceous [61], the large number of ostracoda was
extinct and began to deposit due to turbidity disturbance
as limestone, which was then dolomitized during the subse-
quent penecontemporaneous replacement.

However, Liu and Wang [47] assigned the dolomite
nodules with internal horizontal laminae to early diagenesis.
Together with isotopic compositions of C and Sr, dolomite
was thought to be formed in shallow water during the rapid
fluctuation of the lake level, which was a result of the mix-
ture of seawater and lake water. Given the presence of pyrite
framboids and heavyδ13C of dolomite (up to 16‰), Gao
et al. asserted that the formation of dolomite was triggered
by marine water intrusions, which not only brought Mg2+

but also limited the precipitation of carbonate, even leading
to fermentation of organic carbon in an anoxic environment
[25]. Similar fermentation driven by methanogen was also
supposed to have great contributions to the formation of
the Permian lacustrine dolomite nodule in the Junggar
Basin [19].

Here, we hypothesized that the dolomite nodule in
Songliao paleo-lake has a primary genesis with gradual ferru-
ginous and manganous replacements at early diagenesis in
the background of periodic seawater intrusions. The originally
anaerobic and quiet lacustrine environment was inundated by
seawater intrusion, which brought about not only terrestrial
debris but also free oxygen, sulfate, and insoluble or colloidal
oxidized Fe- and Mn-minerals. Comparatively, Ca and Mg
cations might be initially sourced from the lake water, whereas
the precipitation was hindered by lacking other essential reac-
tants [62] or the entangling of Mg2+ in MgSO4 ion-pairs [12].

Under seawater intrusion, dolomite crystals were nucleated
viamicrobial mediation and then being replaced into ankerite
and manganous ankerite at early diagenesis. The sedimenta-
tion of dolomite came to an end with the essential reactants
being consumed. The bottom water became anoxic even sulfi-
dic again, which favored the preservation of organic matter
and black shale deposition.

5. Conclusions

This study demonstrated the superiority of in situ μ-XRF in
revealing the geochemical information recorded in a lacus-
trine dolomite nodule from the Songliao Basin in Northeast
China, which indicated a primary dolomite precursor being
replaced into ankerite at early diagenesis. When optimizing
XRF scanning parameters, priority should be given to spatial
resolution for more geochemical details, rather than expo-
sure time, which prolongs the total measurement time with
limited image quality enhancement. The well-preserved lam-
inated structures inside the nodule and the features with a
magnesium-rich core wrapped with an iron-concentric
outer layer and a manganese-concentric shell together
indicated a primary dolomite precursor and a later penecon-
temporaneous replacement into ankerite. Multielement
imaging graphically revealed the varied diagenetic water
redox condition during the formation of the dolomite
nodule, which witnessed sulfidic, ferruginous, and manga-
nous zones alternatively. It is hypothesized that the forma-
tion of the dolomite nodule was initiated with an abundant
supply of sulfate and oxidized Fe-/Mn-rich minerals brought
by seawater intrusion, as well as the subsequent microbial
mediations, including BSR, DIR, and DMR. Potentially, this
dolomite is expected to be a potential fingerprint mineral in
tracking the seawater intrusions to the Songliao Basin.

This innovative trial of multielement imaging on the
dolomite nodule innovated a new way for the refined
research of dolomite by using in situ μ-XRF seamless scan-
ning, which is believed to have a great potential in interpret-
ing complicated sedimentological records in both modern
and ancient sediments.
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