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Abstract

Carbonate concretions provide unique records of ancient biogeochemical processes in marine sediments, and have
the potential to reflect seawater chemistry indirectly. In fine-siliciclastic settings, they preferentially form in organic-
rich mudstones, owing to a significant fraction of the bicarbonate required for carbonate precipitation resulted
from the decomposition of organic matter in sediments. In the Member IV of the Xiamaling Formation (ca. 1.40-1.
35 Ga), North China, however, carbonate concretions occur in organic-poor green silty shales (avg. TOC =~ 0.1 wt%).
In order to elucidate the mechanism of the concretion formation and their environmental implications, a thorough
study on the petrographic and geochemical compositions of the concretions and their host rocks was conducted.
Macro- to microscopic fabrics, including deformed shale laminae surrounding the concretions, “cardhouse”
structures of clay minerals and calcite geodes in the concretions, indicate that these concretions are of early
diagenetic origin prior to the significant compaction of clay minerals. The carbon isotope compositions of the
concretions (— 1.7%o0 to + 1.5%o) are stable and close to or slightly lower than that of the contemporaneous
seawater, indicating that the bicarbonates required for the concretion formation were mainly sourced from
seawater by diffusion rather than produced by methanogenesis or anoxic oxidation of methane (AOM); the rare
occurrence of authigenic pyrite grains in the concretions likely indicates that bacterial sulfate reduction (BSR) did
not play a significant role in their formation either. Almost all the calcite in the concretions has low Mn-Fe in nuclei
but high Mn=Fe in rims with average Mn/Fe ratio close to 3.3. The calcite shows positive Ce anomalies (avg. 1.43)
and low Y/Ho ratios (avg. 31). This evidence suggests that Mn reduction is the dominant process responsible for
the formation of calcite rims while nitrate reduction probably triggered the precipitation of calcite nuclei.
Prominence of Mn reduction in the porewater likely indicates that there was sufficient oxygen to support active
Mn-redox cycling in the overlying seawater.
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1 Introduction

Early diagenetic carbonate concretions are authigenic min-
eral aggregates formed in sediments at the expense of micro-
bial respiration of organic matter (e.g. Sellés-Martinez 1996;
Raiswell and Fisher 2000; Gaines and Vorhies 2016). Various
microbial processes in suboxic to anoxic zones of marine
sediments have the ability to induce the formation of car-
bonate concretions by increasing the environmental alkalin-
ity and pH (Curtis et al. 1986; Loyd et al. 2012). In different
diagenetic zones, with the increase of burial depth, these
processes may include nitrate reduction, manganese reduc-
tion, dissimilatory iron reduction (DIR), bacterial sulfate re-
duction (BSR), anoxic oxidation of methane (AOM), and
methanogenesis. The locations of these processes and thick-
nesses of the resulting material depend largely on the avail-
ability of oxidants and organic matter (Roberts and Weaver
2005; Canfield and Thamdrup 2009; Loyd et al. 2012; Dong
et al. 2013). However, among these processes, denitrification
and Mn reduction processes have been commonly identified
in marine sediments (Haley et al. 2004; Meyer et al. 2005)
but rarely regarded as the dominant processes for the forma-
tion of carbonate concretions (e.g. Curtis et al. 1986; Can-
field et al. 1993; Thamdrup and Canfield 1996; Raiswell and
Fisher 2000; Loyd et al. 2012). Although reasons for this
have not been fully addressed, low concentrations of nitrate,
nitrite, and Mn-hydroxides in sediments of most environ-
ments were often quoted as the potential causes.

Early diagenetic carbonate concretions may record an-
cient biogeochemical processes and the porewater chemis-
try (e.g. Curtis et al. 1986; Raiswell and Fisher 2000;
Hendry et al. 2006; Loyd et al. 2012). In recent years, mul-
tiple approaches have been used to decipher the potential
of microbial processes for their formation, of which ana-
lysis of mineralogy, C-S isotopes and REE are principal
aspects (e.g. Haley et al. 2004; Hendry et al. 2006; Loyd et
al. 2012; Dong et al. 2013). Because different biochemical
reactions dominate in different diagenetic zones, the ion
concentrations, such as Mn**, Fe**, and HS™, should be
different (Canfield and Thamdrup 2009), and thus charac-
teristic minerals could be formed in different diagenetic
zones. For instance, calcite with high Mn/Fe ratio usually
dominates in a Mn reduction zone (e.g. Curtis et al. 1986;
Loyd et al. 2012), ankerite and siderite more often occur
in an iron reduction and methanogenesis zone (e.g. Tang
et al. 2018), while pyrite commonly concentrates in a sul-
fate reduction zone (e.g. Gaines and Vorhies 2016). Be-
cause the formation of carbonate concretion is commonly
facilitated by partial incorporation of bicarbonate from the
decomposition of organic matter, carbonate concretions
preferentially occur in organic-rich mudstone settings and
generally have their carbon isotope composition lower
than that of contemporaneous seawaters. The extremely
low carbon isotope composition of carbonate concretions
(e.g. -110%0 to —30%o; Whiticar 1999), has been

Page 2 of 16

recognized as the signature for AOM (e.g. Liang et al.
2016), while variable but commonly positive carbon iso-
tope values (e.g. -30%o to + 15%o) have been identified as
the mark of methanogenesis (Raiswell and Fisher 2000).
However, it is difficult to distinguish the other diagenetic
processes solely based on carbon isotopes, since the values
generated by them are often mutually overlapping. Fe—
Mn-hydroxides are often regarded as one of the significant
carriers of REE and commonly show high REE concentra-
tions. Their reduction and dissolution would significantly
influence the REE composition of pore fluids and could
subsequently be recorded by the carbonate concretions
formed in these zones (Haley et al. 2004). For example, a
middle-REE (MREE) enriched pattern commonly occurs
in a Fe-reduction zone (Haley et al. 2004), while positive
Ce anomalies often exist in a Mn-reduction zone (Toste-
vin et al. 2016).

The availability of oxidants for biochemical reactions
during early diagenesis is profoundly influenced by the
overlying seawater chemistry. In turn, early diagenetic
concretions may provide valuable insight into seawater
chemistry. For example, in modern oceans the average
sulfate concentration is as high as 28 mM (Lowenstein et
al. 2001), therefore, during early diagenetic stage BSR is
commonly the predominant process in sediments (e.g.
Baumgartner et al. 2006). On the contrary, due to the
overall low atmospheric oxygen level in mid-Proterozoic
time (ca. 1.8-0.8 Ga) (< 0.1%—1% PAL, Lyons et al. 2014;
Planavsky et al. 2014; Cole et al. 2016) the sulfate input
from terrestrial weathering is presumed low, thus the sul-
fate concentration in the ocean was very low (< 1.8 mM;
e.g. Kah et al. 2004; Luo et al. 2015). Under this circum-
stance, BSR process in marine sediments was not as
prominent as that in modern oceans. If this is the case,
most mid-Proterozoic carbonate concretions would rec-
ord far less prominent BSR process with seldom authi-
genic pyrites. However, early diagenetic carbonates in
ancient sediments have rarely been applied to reconstruct
overlying seawater chemistry (Curtis et al. 1986; Raiswell
and Fisher 2000; Hendry et al. 2006; Loyd et al. 2012;
Dong et al. 2013).

In the middle part of the Member IV of the Xiamaling
Formation (ca. 1.35-1.40 Ga) of North China Platform,
abundant carbonate concretions occur in a ~ 6-m-thick
interval of organic-poor green silty shale (Figs. 1 and 2). To
reveal their growth mechanism and the potential environ-
mental significance, the concretions have been thoroughly
studied from petrography, mineralogy and geochemistry.

2 Geological setting

In this paper, we deal with carbonate concretions from the
Member IV of the Xiamaling Formation in the North
China Platform (Fig. 1). The Xiamaling Formation lies dis-
conformably between the underlying Tieling Formation of
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Jixian Group and the overlying Changlongshan Formation
of Qingbaikou Group (Fig. 2). In general, the Xiamaling
Formation was interpreted as deposition in an extensional
setting (Zhang et al. 2009, 2012, 2017b; Tang et al. 2017,
2018). The duration of this formation is constrained be-
tween ~140Ga and ~1.35Ga according to the
high-precision zircon/baddeleyite ages of 1384.4 + 1.4 Ma
and 1392.2 + 1.0 Ma from its middle part (Zhang et al.

2015) and 1345 + 12 Ma and 1353 + 14 Ma from the dia-
base sills in its upper part (Zhang et al. 2009). The studied
interval is located in middle part of the Member IV
(Fig. 2) and can be approximately estimated as ~ 1.36 Ga
in age. Palaeomagnetic study suggested that the North
China Platform was most likely located in between 10°N
and 30°N during the deposition of the Xiamaling Forma-
tion (Evans and Mitchell 2011; Zhang et al. 2012). Organic
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matter preserved in the Xiamaling Formation is ranked as
immature to early thermal mature, with burial tempera-
tures of <90 °C (Zhang et al. 2015; Tang et al. 2017, 2018).

In the study area, the Xiamaling Formation is domi-
nated by dark siltstone and black shales, and can be sub-
divided into four members (Member I to IV) in an
ascending order, which constitutes a large transgressive—
regressive cycle with its largest depositional water-depth
(below storm wave base) in the Member III (Fig. 2;
Zhang et al. 2016; Tang et al. 2017, 2018). The lower to
middle part of Member IV consists of alternating black
and greenish shale, with a few limestone interbeds
(Fig. 3a). The upper part of Member IV consists of a re-
gressive succession from silty shale to yellowish siltstone
in its upper portion, and is unconformably overlain by
cross bedding-bearing medium to coarsely grained
quartz sandstone of the Changlongshan Formation. The
unconformity between the two formations was thought
most likely to have resulted from the thermal uplifting

prior to the onset of a large igneous province (e.g. Zhang
et al. 2012, 2017b; Tang et al. 2018). To better elucidate
recent advance and divergence in the study of the Xia-
maling Formation, different subdivision schemes from
the outcrop and drillcore successions for this formation
are compared in Fig. 2 based on the lithology. As shown
in the figure, the Member IV used in this study is
roughly equivalent to the Unit 1 referred in Wang et al.
(2017) and Zhang et al. (2017a).

Notably, there exists a ~6-m-thick carbonate
concretion-bearing interval in the middle part of Member
IV, which is widespread in the central North China Plat-
form (Fig. 2), and is the focus of this study. Vertically, the
abundance of concretions in the ~ 6-m-thick interval varies
dramatically. They are sparse in some layers (Fig. 3a) but
dense in other layers (Fig. 3b). The concretions are com-
monly ellipsoidal to tabular in shape, 3-20cm in height
and 5-40 cm in width, and are usually wrapped by bended
thin layers of surrounding shale (Fig. 3).
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magnitude relative to the laminae in adjacent shales

Fig. 3 Lithology and major sedimentary structures in the middle part of the Member IV of the Xiamaling Formation (Jizhentun section). a
Sparsely distributed carbonate concretions in green-yellow silty shale; b Densely packed carbonate concretions in green-yellow silty shale; ¢
Concretions wrapped by green silty shale laminae (arrows); d A concretion with sharp contact with the surrounding and lateral shale laminations;
e and f Two concretions with lateral shale laminae (dash lines and arrows), and the laminae thickness in concretions is expanded by an order of
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A deep-water setting below storm wave base has been
suggested for most of the Member IV (Wang et al. 2017;
Zhang et al. 2017a), except for a few intervals in its mid-
dle to upper part, in which hummocky and small-scale
cross-bedding was sometimes observed, indicative of
storm wave influence (Wang et al. 2017). The studied
interval (marked with red bar in Fig. 2) consists mainly
of green to gray silty shale with some centimeter-scale
black shale interbeds and carbonate concretions (Fig. 3).
Evidence of agitation from currents or waves rarely
occur in this interval, likely indicating a depositional
water-depth below but close to storm-wave base
(> 100 m, Zhang et al. 2017a).

3 Materials and methods

Samples analyzed in this study were collected from the
Member IV of the Xiamaling Formation, along road cuts
at the Zhaojiashan (40°28°4.76 "N, 115°24°5.74"E), Jizhen-
tun (40°27°43.10"N, 115°16'29.48"E), and Huangtugang
sections (40°27'8.62"N, 115°12'55.74"E), Hebei Province,
North China (Fig. 1). Collected concretion samples were
cut into chips and only central parts of the samples were
used for geochemical analyses. Fresh sample chips were
cleaned, dried, and then drilled for powders, avoiding

weathered surfaces and recrystallized areas. Well-preserved
samples were selected for microscope and SEM observa-
tions, and for chemical (EDS and trace element) analyses.

Macroscopic features were observed in the field and on
polished slabs. Microfabrics were examined on thin sec-
tions with a Zeiss Stereo Discovery V20 microscope for
large scope and a Zeiss Axio Scope Al microscope for high
magnification. Ultrastructures were investigated using a
Zeiss Supra 55 field emission scanning electron microscope
(FESEM) under 20 kV accelerating voltage with a working
distance of ~ 15 mm, at the State Key Laboratory of Bio-
geology and Environmental Geology, China University of
Geosciences (Beijing). Secondary electron imaging detector
(SE2) was used to characterize topographic features, and
an AsB detector was used to reveal compositional differ-
ence (backscattered electron, BSE, image). Samples were
coated with 6-nm-thick platinum for electric conduction
before analysis. A Gatan ChromaCL2 cathodolumines-
cence (CL) detector connected to the FESEM was used to
obtain CL images under 8 kV accelerating voltage using ~
30 min scanning time for each image.

Element concentrations of micron-sized spots were
quantitatively analyzed by an Oxford X-act energy dis-
persive X-ray spectrometer (EDS) connected to the
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FESEM, operated at 20 kV with a working distance of ~
15 mm and a beam diameter of ~ 2 um. Minerals as well
as synthetic phases (MINM25-53) were used as refer-
ence standards. Duplicate analyses of individual points
showed analytical error less than 2%.

For REE + Y analysis, ~ 50 mg of fine powder for each sam-
ples were weighed out and then rinsed with deionized water
4 times to remove clay minerals. For further minimizing the
potential influence of terrigenous components on REE +Y,
carbonate samples were dissolved using 5% acetic acid rather
than other strong acids. Following the method described in
Tang et al. (2016), the dissolved carbonate was carefully sepa-
rated for REE analysis. The trace elements were measured in
a PerkinElmer NexION 300Q Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) at National Research Center
for Geoanalysis, Beijing. The accuracy of ICP-MS analyses is
better than 10% (relative) for analyzed elements.

TOC contents of the shale samples were analyzed at the
State Key Laboratory of Biogeology and Environmental
Geology, China University of Geosciences (Beijing). For
each, sample powder of 200 mg was treated with 5 M HCl
for 48 h to remove any potential carbonate present. The
carbonate-free residue was then rinsed by deionized water
and centrifuged several times until pH test gives a neutral
value. After drying, TOC was measured using an Elementar
Vario Macro Cube element analyzer. The relative analytical
uncertainty is < 0.5%.

For carbon isotope analysis, sample powders were drilled
from polished slabs, avoiding weathered surfaces and recrys-
tallized areas. Analyses were conducted at the State Key La-
boratory of Biogeology and Environmental Geology, China
University of Geosciences (Wuhan). About 150-400 pg of
powder was placed in a 10 mL Na-glass vial, sealed with a
butyl rubber septum, and reacted with 100% phosphoric acid
at 72 °C after flushing with helium. The evolved CO, gas was
analyzed for §'°C and 80 using a MAT 253 mass-
spectrometer coupled directly to a Finnigan GasBench II
interface (Thermo Scientific). Isotopic values are reported as
per mille relative to the Vienna Pee Dee belemnite (VPDB)
standard. Analytical precision was better than +0.1%o for
8"3C and §'"®0 based on replicate analyses of two laboratory
standards (GBW 04416 and GBW 04417). The 8"C and
880 of these two laboratory standards are + 1.61%o and —
11.59%o, and — 6.06%o and — 24.12%o, respectively.

4 Results

4.1 Features of carbonate concretions

The upper and lower contacts of concretions with host
silty shale are sharp (Fig. 3c—f), while the lateral margins
sometimes exhibit transition over a few centimeters
(Fig. 3e and f). The lateral transition zone from silty
shale to concretion carbonate is typically wedge-shaped,
and tapers from a diffuse boundary at the concretion
margin to the more compacted host shales (Fig. 3e and
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f). The concretion-hosting shales are commonly green
in color, and mainly composed of glauconite and silty
quartz with low TOC contents (Fig. 3). These shales
were deposited in weakly oxygenated bottom seawater
and experienced aerobic diagenesis processes (Zhang et
al. 2017a).

Cross-sectioning reveals that the concretions are mainly
composed of two parts: (1) replacive growth green-yellow
part with lamination (called “R-horizons”), and (2) displa-
cive growth off-white part with homogenous mass texture
(called “D-horizons”) (Fig. 4). In replacive growth, host
sediments are incorporated into a concretionary body via
extensive cementation of pore spaces, while displacive
growth occurs where sedimentary beds are forced apart by
growth of carbonate minerals (Gaines and Vorhies 2016).
The laminae in R-horizons could be laterally extended
into adjacent shales, while the D-horizons, vertically alter-
nated with R-horizons, could not be extended into the ad-
jacent shales, which is the simple marks for identification
of R-horizons and D-horizons.

In the carbonate concretions of Xiamaling Formation,
lamination fabrics commonly occupy a small portion
(Fig. 4), and the laminae are likely extended from host
silty shale but their thicknesses are expanded by an
order (Fig. 3e and f). The texture and composition of
these laminae are obviously different from the laminae
in the host silty shale, and show the features of replacive
growth. R-horizons are typically separated by portions of
concretionary framework that grew displacively (Fig. 5a),
and are mainly composed of clay minerals, fine detrital
quartz and authigenic carbonate minerals (Fig. 5b). The
clay mineral component is dominated by illite with
minor chamosite. Authigenic apatite also occurs within
R-horizons. In the R-horizons, SEM analysis reveals
abundant “cardhouse” structures, which are randomly
stacked clay minerals with voids reserved in them (Fig.
5c¢ and d). Surrounding the “cardhouse” structures, there
are no rigid grains such as detrital quartz to support the
voids from being compacted. SEM analysis also reveals
deflected clay mineral laminae around authigenic car-
bonate minerals (Fig. 5e). In contrast, in the host silty
shale these phenomena are not seen (Fig. 5f-h). The
host silty shale consists mainly of clay minerals (illite)
and tiny quartz (Fig. 5f-h), with TOC content com-
monly less than < 0.2 wt% (0.12 + 0.06 wt%, n = 8).

Intervals characterized by displacive growth constitute
the dominant portion of the carbonate concretions of
Xiamaling Formation, and were separated by R-horizons
(Fig. 4). They are commonly several centimeters in
thickness, but in the R-horizon dominated intervals
some laterally continuous D-horizons are quite thin (<1
mm) (Fig. 4c). D-horizons are composed dominantly of
calcite with minor amount of authigenic quartz (Fig. 6a—
f). Geodes, with diameter around 1 mm, are abundant in
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Fig. 4 Fabrics of the carbonate concretions of Xiamaling Formation. Displacive growth is marked with “D”, while replacive growth marked with
“R".a and b Polished concretions, showing offwhite zones of displacive growth, occurring within and adjacent to green-yellow zones of replaced
mudstone that have been cemented and incorporated into the concretion fabric; ¢ A concretion with curved lamination, showing that the
displacive layer also occurred in a replacive layer concentrated zone; d and e Concretion with concentric ring structures. a and d were collected
from Huangtugang section; the others were collected from Jizhentun section

the D-horizons. The calcite crystals away from the ge-
odes are commonly small, <20-100pm in diameter
(Fig. 6a), while they become large and rod-like in morph-
ology (50 um x 200 pm) close to or in the geodes (Fig. 6b—
e). Light-microscope and BSE images reveal that the centers
of some geodes were filled with siliciclastic chamosite, illite,
and later diagenetic euhedral carbonate minerals that have
dolomite nucleus and ankerite rim, and minor amount of
pyrite grains (Fig. 6¢c and d). Sometimes, the calcite crystals
are surrounded by clay minerals (Fig. 6f). In most of the
samples, calcite in D-horizons exhibits dull orange or black
color under CL (Fig. 6g and h). EDS analysis results con-
firm that the black area contains low concentrations of Mn
and Fe, while the dull orange area has relatively high Mn
and Fe concentrations.

4.2 Major elements

Light-microscope observation shows that the carbon-
ate concretions analyzed in this study have not suf-
fered intensive recrystallization, with the component
microspar commonly less than 50 um (Fig. 6). EDS
analysis of 93 points reveal that the dolomitization is
rather weak, with MgO content commonly less than

1wt% and Mg/Ca molar ratio lower than 0.04
(Additional file 1: Table S1). As shown in Fig. 7a-—e,
calcite crystals commonly have an irregular nucleus—
rim structure, with low Mn-Fe contents in the nuclei,
and relatively high Mn-Fe contents in the rims. Mn
and Fe contents in the nuclei are commonly 0.03 +
0.03 wt% and 0.06 + 0.05 wt%, respectively; while those
in the rims are 0.42+0.18 wt% and 0.44 + 0.23 wt%,
respectively (Additional file 1: Table S1). In addition,
Mn/Fe ratios in the rims (3.3) are higher than those
seen in the carbonates formed in ferruginous (0.10)
and oxic environments (0.14), and also higher than
those formed in a manganese-rich environment (0.39,
Fig. 7f; Tostevin et al. 2016).

4.3 Stable isotope geochemistry

As shown in Table 1 and illustrated in Fig. 7g, se-
lected 21 carbonate concretions show 83C.,,;, values
around 0.4%o (-1.7%0 to +1.5%0), and &"®O0ump
values around - 7.5%o (- 10%o to —4.8%o). All of the
8"3C_ o values fall into the typical range of “Boring
Billion” (Brasier and Lindsay 1998) carbonate values
(e.g. Guo et al. 2013).
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Fig. 5 Composition and texture of replacive layers in the carbonate concretions of Xiamaling Formation (Jizhentun section). a A green-yellow
replacive layer (marked by R) interbedded in displacive layers (marked by D); b A BSE image showing that the replacive layer is composed of
siliciclastic illite (), chamosite (Ch), quartz (Q), K-feldspar (Kfs) and iron oxides (I0), and authigenic dolomite (Dol) and apatite (Ap); ¢ and d
“Cardhouse” structures (arrows) in the replacive layer; e SEM image of replaced mudstone horizon in a concretion, showing laminar clay minerals
bended around an authigenic dolomite grain (dash line); f Green-yellow silty shale matrix adjacent to a concretion; g SEM image of panel f
showing horizontal clay lamination (arrow); h SEM image with high magnification, showing horizontally distributed laminar clay minerals (arrow)

4.4 REE of carbonates

The REEs of calcites from 9 carbonate concretions of
Xiamaling Formation (Huangtugang section) are listed
in Table 2 and shown in Fig. 7h. Calcite samples
digested by 5% acetic acid show REE concentrations
of 35-133 pg/g. PAAS (Post-Archean Australian Sha-
le)-normalized REE distribution patterns (REEgy) of
the calcites show prominent positive Ce anomalies
(calculated as Ce/Ce* = Cegn/(Prgn>/Ndgy)) and mod-
erate enrichment of middle REE (MREE) (Table 2,
Fig. 7h). The average Y/Ho ratio in the studied sam-
ples is about 31, close to the PAAS composite ratio
(~ 27, McLennan 1989). All the tested samples show
no obvious Eu anomalies (1.03—1.12, calculated as Eu/
Eu* = Eugn/(0.66Smgy + 0.33Tbgyy)).

5 Discussion

5.1 Evidence for rapid growth of concretions

The growth of carbonate concretions in dark shale is most
commonly estimated to take place over a time-range of 10>
to > 10° years (Sellés-Martinez 1996). For prolonged growth,
zoned crystals (Raiswell 1988; Mozley 1989; Raiswell and
Fisher 2000) and multiple generations of cements with dis-
tinct chemical and isotopic properties are commonly present
(e.g. Hendry et al. 2006; Dale et al. 2014; Loyd et al. 2014).
For rapid growth, the morphology of soft-bodied fossils
could be preserved (e.g. Huggett et al. 2000; Feldmann et al.
2012; McCoy 2014), primary depositional fabrics would be
remained, and specific fabrics indicative of pore-filling ce-
mentation prior to burial compaction would be formed
(e.g. Raiswell and Fisher 2000; Day-Stirrat et al. 2008).
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luminescence

Fig. 6 Composition and texture of displacive layers in carbonate concretions of Xiamaling Formation (Jizhentun section). a Small sized calcite
crystals (< 20-100 um) in a displacive layer; b Calcite crystals with rod-like morphology, with their width and length up to ~ 50 um and ~ 200
pm, respectively; ¢ A calcite geode, showing that the rod-like minerals have their long axis toward the center of the geode (arrows), and the
geode center is filled with green-yellow clay and later diagenetic subhedral to euhedral carbonate minerals; d BSE image of the geode center in
panel ¢, showing that the clay minerals are mainly of chamosite (Ch) with minor illite (lll); the carbonate minerals have dolomite (Dol) nuclei and
ankerites (Ank) rim; with some pyrite (Py) grains; e A calcite geode, showing that the rod-like minerals in the geode have higher length-width
ratio and larger size (arrow) than those of surrounding minerals; f BSE image showing a calcite crystal surrounded by clay minerals (arrow); g and
h SEM image and the CL image of the same area, showing that some areas display no luminescence, while the others show weak orange

In our study, a number of lines of evidence shows that
the carbonate concretions from the Member IV of Xia-
maling Formation grew rapidly during early diagenesis
and were formed prior to significant compaction of clay
minerals. The evidence comprises the deflected laminae
wrapping the concretions (Fig. 3c—f), bending clay-rich
laminae surrounding authigenic carbonate minerals
(Fig. 5e) and well preserved “cardhouse” structures in
R-horizons (Fig. 5¢ and d), and calcite geodes in
D-horizons (Fig. 6¢c—e). Dolomite crystals surrounded by
curved laminae in R-horizons (Fig. 5e) reveal that the
carbonate matrix grew freely within the mudstone beds,
pushing clay grains aside and disrupting the primary

depositional fabric (Gaines and Vorhies 2016). The pres-
ence of “cardhouse” structures in concretions (Fig. 5¢
and d) has been interpreted as a primary depositional fea-
ture, and their preservation could be ascribed to passive
porefilling carbonate growth prior to the significant com-
paction of clays (e.g. Day-Stirrat et al. 2008; Dong et al.
2008). The calcite crystals are commonly small, < 100 um
in size, but in geodes they become larger and rod-shape in
morphology (length and width up to 50 pm and 200 pm,
respectively; Fig. 6). This likely implies that parts of the
rigid framework of the concretions were formed rather
rapidly and considerably earlier than the significant com-
paction of host sediments. Therefore, plentiful spaces
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prominent positive Ce anomalies and slight enrichment of MREE

Fig. 7 BSE images and chemistry of calcites in the carbonate concretions of Xiamaling Formation. a and b BSE images, showing a calcite crystal
with dark nucleus (low Mn-Fe contents) and light rim (high Mn-Fe contents) (Zhaojiashan section); ¢ and d EDS spectrums showing that the
Mn-Fe contents of the nucleus are lower than the detection limits of EDS, while the rim has higher Mn-Fe contents; e A cross plot showing that
the nuclei of calcite crystals have low Mn and Fe concentrations, while the rims have high Mn and Fe concentrations; f Average Mn/Fe ratios
under different redox conditions. Mn/Fe ratios are enriched in our samples compared with those of average global carbonate (0.29; Turekian and
Wedepohl 1961) and of manganous samples (Tostevin et al. 2016). Bars represent median values; arrows indicate samples with exceptionally high
Mn/Fe ratios that lie above the limit of the Y axis; g A cross plot of 8"°C vs. §'®0; h REE patterns of the carbonate concretions, showing

were retained in the cavities for large and elongated min-
eral growth (Raiswell and Fisher 2000).

5.2 Growth mechanisms of concretions

The growth of carbonate concretions in mudrocks com-
monly results from carbonate supersaturation in pore-
waters, which is typically caused by high alkalinity
generated by microbial respiration of organic matter in
suboxic to anoxic sediments (e.g. Sellés-Martinez 1996; Loyd
et al. 2012). Consequently, §'3C values of concretion carbon-
ates are often used as fingerprints for specific microbial path-
ways that may have triggered and maintained concretion
growth (e.g. Fisher et al. 1998; Raiswell and Fisher 2000, 2004;
Raiswell et al. 2002; Loyd et al. 2012; Dale et al. 2014; Gaines

and Vorhies 2016). Isotopic studies of mudrock-hosted con-
cretions from rock record show that they are commonly
characterized by conspicuously depleted and variable §"*C
signatures that can reach low values of — 10%o (e.g. Mozley
and Burns 1993; Raiswell and Fisher 2000). However, analysis
of 21 carbonate concretions from the Member IV of Xiamal-
ing Formation (Zhaojiashan and Huangtugang sections)
shows different results (Table 1, Fig. 7g).

The 8"3C values of analyzed samples range from —
1.7%o to + 1.5%o, and are close to or slightly lower than
the value of contemporaneous seawater (Guo et al.
2013). These data suggest a significantly less contribu-
tion of organic matter to the growth of carbonate con-
cretions of Xiamaling Formation than that of typical
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Table 1 Carbon and oxygen isotopes of carbonate concretions from the Member IV of Xiamaling Formation (Zhaojiashan and

Huangtugang sections)

Serial No. Sample ID Thickness (m) Section 8'3C (VPDB%o) §'%0 (VPDB%o)
No. 01 7JS-24-3-1a 12 ZJS 038 -94
No. 02 7)5-24-3-1b 12 ZJS 0.0 -10.0
No. 03 7JS-24-3-1c 12 ZJS 13 =59
No. 04 7)S-24-7-1a 23 ZJS 09 -89
No. 05 715-24-7-1b 23 ZJS 09 —6.7
No. 06 7JS-24-9-1a 25 VAN 15 =51
No. 07 7JS-24-9-1b 25 ZJS 12 -6.7
No. 08 7)S-24-11-1 26 ZJS 09 -85
No. 09 7JS-24-15-1 3.1 Z)S -03 -95
No. 10 7JS-24-15-2 3.1 ZJS 0.7 -56
No. 11 7)S-24-19-1 3.7 ZJS 02 -8.1
No. 12 7JS-24-21-1a 38 ZJS -04 -10.0
No. 13 7)S-24-23-1 44 VAN 0.3 -89
No. 14 7)S-24-25-1 45 ZJS 1.1 =81
No. 15 7)S-24-) 56 ZJS 1.0 -48
No. 16 1704HTG-3 15 HTG -0.7 —75
No. 17 1704HTG-4 2 HTG -0.6 -84
No. 18 1704HTG-6 3 HTG 0.6 -52
No. 19 1704HTG-8 4 HTG —-04 -7.0
No. 20 1704HTG-9 45 HTG -1.7 -8.7
No. 21 1704HTG-10 5 HTG 0.8 -49
Min -1.7 -10.0
Max 15 -48
Average 04 -7.5

Note: ZJS Zhaojiashan, HTG Huangtugang

carbonate concretions formed in organic-rich mudstones
(e.g. Gaines and Vorhies 2016), and indicate that AOM
and methanogenesis should not be the dominated pro-
cesses for the formation of these concretions. On the
contrary, the growth of the carbonate concretions from
the Member IV of Xiamaling Formation appears to have
been significantly influenced by overlying seawater chemis-
try. The inorganic pool of bicarbonate in porewaters should
be open to re-supplement by diffusion to account for the
large masses of carbonate concretions of Xiamaling Forma-
tion. This is different from most carbonate concretions in
the marine records that commonly resulted from the devel-
opment of microenvironments in relative isolation from
seawater. The calcite was likely precipitated close to the
seawater/sediment interface, where the majority of dis-
solved inorganic carbon (DIC) was largely sourced from
overlying seawater with elevated DIC reservoir. Even so, the
primary carbonates were not directly formed on the sea-
floor, suggesting that the bicarbonate from degraded or-
ganic matter and the nucleation sites provided by degraded
organic matters may have played significant roles in

triggering the initial carbonate precipitation as well. Com-
parable cases are rare in Phanerozoic marine sediments,
but occur in the carbonate concretions from the Cambrian
Wheeler Formation (Utah, USA), when the seawater has an
elevated DIC reservoir (Gaines and Vorhies 2016).

The mineralogy of the carbonate concretions of Xia-
maling Formation and elemental compositions of cal-
cites within the concretions may provide further
information concerning the potential physical and bio-
geochemical processes during early diagenesis. The
D-horizons of concretions commonly have homoge-
neous textures, with almost all calcites having nucleus—
rim structures, likely indicating that the concretions
mainly grew pervasively rather than concentrically (Rais-
well and Fisher 2000). Although some pyrite grains
sometimes occur in the center of some geodes, which
grew later than that of the main bodies of the concre-
tions, the rare presence of pyrite in the main bodies of
the concretions likely indicate that the BSR was not the
dominated process for the formation of these concre-
tions. The relatively high Mn—Fe contents and high Mn/
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Table 2 REE concentrations of carbonate concretions from the Member IV of Xiamaling Formation (Huangtugang section)

Sample  La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho  FEr Tm Yb Lu Ce/  EUW Y/ Pro/
D Ce* EU* Ho VYbsy
1704HTG- 11.100 42.500 3.620 16.100 4340 1.006 5.168 0869 4620 26300 0813 1.900 0244 1400 0.182 162 103 323 081
3
1704HTG- 12000 33.900 3300 14400 3480 0.756 3.635 0543 2840 16200 0499 1330 0.172 1.010 0.143 139 106 325 1.03
4
1704HTG- 11.900 38200 3400 14500 3430 0.741 3576 0567 2840 15600 0.523 1260 0.154 0955 0.134 148 103 298 1.12
6
1704HTG- 18500 62.500 5300 22400 5390 1.233 6.093 0932 5020 24800 0.887 2240 0270 1600 0228 154 1.07 280 1.04
8
1704HTG- 12300 37.500 3490 15.100 3.550 0.777 3.884 0584 2990 16.100 0.537 1450 0.162 1.050 0.147 144 105 300 1.05
9
1704HTG- 5060 16.100 1570 6690 1380 0317 1479 0220 1.160 6780 0208 0581 0078 0505 0058 135 1.11 326 098
10
1704HTG- 5760 15800 1.760 7.830 1510 0325 1479 0.195 0988 6530 0.194 0572 0078 0445 0073 124 112 337 124
12
1704HTG- 8770 30.000 2740 11400 2240 0444 2006 0275 1360 7710 0272 0721 0090 0528 0076 141 105 283 163
14
Min 5060 15800 1570 6690 1380 0317 1479 0.195 0988 6530 0.194 0572 0078 0445 0058 124 103 280 081
Max 18500 62500 5300 22400 5390 1233 6093 0932 5020 26300 0887 2240 0270 1600 0228 162 112 337 163
Average 10674 34.563 3.148 13553 3.165 0700 3415 0.523 2727 15003 0492 1.257 0.156 0937 0130 143 106 309 111

Note: the unit of REE + Y concentration is ug/g

Fe ratios in the rims of calcite crystals (Fig. 7a—f) likely
indicate that the rims were formed in a Mn reduction
zone (Curtis et al. 1986; Tostevin et al. 2016). As the
Mn-Fe contents in the nuclei are lower than those in
the rims and are black in color under CL, we could

further deduce that the calcite precipitation was initiated
in the nitrate reduction zone above the Mn reduction
zones (Fig. 8). The growth process of the concretion is
probably as follows. In the nitrate reduction zone, nucle-
ation and the initial precipitation of calcite in the
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et al. 2012), and possible growth model for the carbonate concretions of Xiamaling Formation. In different redox zones, different electron
acceptors, including O,, NO,~, NOs~, MnO,, FeOOH, 50,2~ and CO, are predominated, and different REE patterns of porewater appear with
positive Ce anomaly in Mn reduction zone and enrichment of MREE in Fe reduction zone. The formation of carbonate concretions of Xiamaling
Formation mainly occurred in the Mn reduction zone, and probably also extended to the upper nitrate and lower Fe reduction zones




Liu et al. Journal of Palaeogeography (2019) 8:20

concretions happened, therefore the Mn—Fe-poor nuclei
were formed. Subsequent growth likely occurred in the
Mn reduction zone with slightly increased burial depth,
therefore the high Mn-Fe rims were formed. In fact,
both nitrate reduction (5C,H3;0,” + 8NO;3;~ +3H" = 4
N, + I0HCO3~ +4H,0) and manganese reduction
(C:H;0,” +4MnO,+7H" = 2HCO;™ +4Mn*" +
4H,0) could facilitate the precipitation of calcite during
early diagenesis by increasing environmental alkalinity
and pH (Fig. 8; e.g. Loyd et al. 2012).

The REE +Y patterns of the carbonate concretions of
Xiamaling Formation provide further support for their
early diagenetic origin mainly through Mn reduction
process. In an oxic water column, Ce, Ho and MREEs
are preferably removed by Mn-Fe oxyhydroxides
(German and Elderfield 1990; Byrne and Sholkovitz
1996; Bau and Dulski 1999; Haley et al. 2004; Gutjahr et
al. 2007; Planavsky et al. 2010). The Ce, Ho and MREEs
absorbed or scavenged to Mn-Fe oxyhydroxides would
be expected to be released below the Mn-Fe redoxcline
in the water column or just below the seawater/sediment
interface, resulting in high Ce, Ho, and MREE concen-
trations and therefore positive Ce anomaly, low Y/Ho
ratio and MREE enrichment in sediments/cements
(e.g. de Baar et al. 1988; German et al. 1991; Bau et al.
1997; De Carlo and Green 2002; Planavsky et al. 2010;
Tostevin et al. 2016). Thus, the positive Ce anomalies
and low Y/Ho ratios in the carbonate concretions of
Xiamaling Formation (Huangtugang section) (Fig. 7h;
Table 2) also support the idea that calcite precipitation
was facilitated by Mn reduction in the sediments, while
the slight MREE enrichment indicates a partial contribu-
tion from iron reduction (Fig. 8; Haley et al. 2004).

Based on the integration of petrographic, mineral-
ogical, carbon isotopic and elemental geochemical data,
the carbonate concretions of Xiamaling Formation are
best interpreted as early diagenetic products that may
have been formed largely in nitrate to Mn reduction
zones, with some of them also extending into the iron
reduction zone below the Mn reduction zone via displa-
cive growth (Fig. 8). The dark nuclei of calcite crystals in
the BSE image (low Mn and Fe; black under CL) were
possibly formed in the zone of nitrate reduction, while
the following growth of light outer rims of calcite crys-
tals (high Mn and Fe; dull orange under CL) were likely
formed during Mn reduction. Considering that the Mn
reduction zone is commonly thin (Thamdrup et al. 1994;
Haley et al. 2004; Meyer et al. 2005) but the carbonate
concretions of Xiamaling Formation are thick, we de-
duced that the concretions grew vertically with the reac-
tion front likely remaining in the nitrate and Mn
reduction zone during the whole forming process of the
carbonate concretions of Xiamaling Formation, through
keeping the upward growth rate close to that of
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siliciclastic deposition (Fig. 8). Nitrate and Mn reduc-
tions were the predominant processes of initiating the
precipitation, but it was the seawater with high concen-
tration of bicarbonate that facilitated the subsequently
persistent carbonate precipitation.

5.3 Palaeoenvironmental implications

The carbonate concretions were mainly induced by Mn
reduction in host silty shale. Their development in the
Member IV of the Xiamaling Formation likely indicates
that high Mn-hydroxide content and an expanded Mn
reduction zone existed in the sediments. In modern
oxygenated oceans, the average thickness of the Mn
reduction zone is only several centimeters (Thamdrup et
al. 1994; Haley et al. 2004; Meyer et al. 2005) and owing
to the less prominent Mn reduction process, no positive
Ce anomalies exist in this zone (Haley et al. 2004). As
the elevated pH and HCO3™ provided by the Mn reduc-
tion are limited in the thin Mn reduction zone, thus
documented examples for carbonate concretions formed
in the Mn reduction zone are rare. Instead, BSR, AOM,
and methanogenesis were more often identified and
suggested as the predominant processes for carbonate
concretion formation (Curtis et al. 1986; Raiswell and
Fisher 2000; Hendry et al. 2006; Loyd et al. 2012;
Dong et al. 2013).

The biogeochemical processes recorded by early diagen-
etic concretions in sediments, in turn, have the potential to
reflect the seawater chemistry indirectly. The presence of
an expended Mn reduction zone in the sediments likely in-
dicated that the Mn redox cycling in the overlying seawater
was abnormally active, and there possibly existed a man-
ganous zone in the deep seawater and a Mn-redoxcline in
the shallow seawater. Around the Mn-redoxcline, Mn**
was rapidly oxidized to Mn-hydroxides and then precipi-
tated on the seafloor providing abundant oxidants for dia-
genetic Mn reduction. The existence of a manganous zone
in the seawater column was commonly used as a signature
for oxygenated shallow seawater with oxygen concentra-
tion higher than 10 pM (e.g. Tostevin et al. 2016). This is
mainly based on the observation that in modern oceans ac-
tive Mn redox cycling could only occur when the oxygen
concentration is at least higher than 10 uM (e.g. Trefry et
al. 1984; Saager et al. 1989; German and Elderfield 1990;
Johnson et al. 1992). This oxygen concentration is obvi-
ously higher than that estimated for the mid-Proterozoic
based on Cr isotopes recorded by ironstones (< 0.1% PAL;
Planavsky et al. 2014) and shales (<1% PAL; Cole et al.
2016), but in good consistence with the suggestion that
there existed an oxygenation event at ~ 1.4 Ga with atmos-
pheric oxygen concentration >4%-8% PAL (Zhang et al.
2016, 2017a). The weakly oxygenated seawater has also
been proved by aerobic diagenetic processes identified in
concretion-hosting green silty shales (Zhang et al. 2017a).
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The development of carbonate concretions largely in
the Mn reduction zone and their seawater-like carbon
isotope compositions provide evidence that the sea-
water had a high concentration of bicarbonate facili-
tating the concretion formation. This deduction is in
good consistence with the frequent occurrence of sea-
floor precipitations (e.g. Tang et al. 2015) and the
overall less variable carbonate carbon isotopes during
the Mesoproterozoic (Bartley and Kah 2004; Guo et
al. 2013). If this deduction is the case, many similar
concretions formed in nitrate and Mn reduction
zones with seawater-like carbon isotope composition
should exist in the Mesoproterozoic strata and further
studies are required to test this explanation.

6 Conclusions

1) Carbonate concretions are widespread in the
organic-poor green silty shales from the Member
IV of Xiamaling Formation (1.40-1.35Ga) in the
North China Platform. They are composed mainly
of displacive growth horizons with a small portion
of replacive growth horizons.

2) The deformed laminae surrounding the concretions,
“cardhouse” structures in R-horizons and the geodes
in D-horizons indicate that they are of rapid early
diagenetic origin before the significant compaction of
clay minerals.

3) Many lines of mineralogical and geochemical
evidence, including the seawater-like carbon isotope
composition, rare occurrence of pyrite grains, nu-
cleus—rim structure of calcites with low Mn-Fe nu-
clei and high Mn-Fe rims, and positively Ce
anomalies of calcites, synthetically are evidence that
the carbonate concretions of Xiamaling Formation
were formed largely in nitrate to Mn reduction zones
during early diagenesis just below the seawater/sedi-
ment interface, where high HCO3;™ seawater could
freely exchange with porewater in sediments.

4) The Mn reduction zone was likely more expanded in
the Mesoproterozoic Xiamaling sediments than that in
the Phanerozoic, thus we interpret that Mn redox
cycling in the overlying seawater was active, invoking
existence of a manganous zone and moderately
oxygenated seawater conditions. This is consistent
with the suggestion that the atmospheric oxygen level
was likely higher than 4% PAL during the deposition
of the Member IV of Xiamaling Formation.

7 Additional file

Additional file 1: Table S1. EDS analysis results of carbonate concretions
from the Member IV of Xiamaling Formation. (XLS 45 kb)
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