
1 Introduction 
 

The Tonian Period is a critical interval of Earth history 
as it connects the relatively quiescent Mesoproterozoic Era 
and the extremely dynamic Neoproterozoic Era. Recent 
paleontological data have shown a significant increase in 
global biodiversity and morphological range in the Tonian 
Period  relative  to  the  preceding  Mesoproterozoic  Era 
(Xiao  and  Tang,  2018).  Additionally,  several  critical 
evolutionary  innovations,  including  morphological 
differentiation in multicellular eukaryotes as evidenced by 
Longfengshania and Proterocladus (Hofmann, 1985; Tang 
et al.,  2020), eukaryotic predation (Porter, 2016),  and 
eukaryotic  biomineralization  (Cohen  et  al.,  2017), 
occurred  in  the  Tonian  Period.  However,  the 
environmental context and drivers of these evolutionary 
events remain unclear, mostly because paleoenvironmental 
conditions, particularly oceanic redox architectures, are 
poorly understood for the Tonian Period.  

As a widely used redox proxy, iron speciation has been 
proven useful to evaluate the redox conditions of Tonian 
oceans. Previously published iron speciation data suggest 
a global transition from euxinic to ferruginous mid-depth 
ocean waters during the Tonian Period (Canfield et al., 
2008; Johnston et al., 2010; Guilbaud et al., 2015), and the 

reduction in toxic sulfidic waters may have expanded the 
habitable  zone  for  eukaryotes  and  facilitated  their 
diversification. However, the iron speciation proxy is best 
calibrated for fine-grained siliciclastic sediments (Raiswell 
and Canfield, 2012), although preliminary data indicate 
that this proxy may also be useful in carbonate sediments 
(Clarkson et al., 2014). Moreover, iron speciation analysis 
requires bulk samples, and as a result  the data likely 
record average redox conditions of a time interval during 
which deposition and early diagenesis of the analyzed bulk 
samples occurred (Poulton, 2021). Fundamentally, this is a 
phenomenon of geochemical time averaging (Wang et al., 
2017), and fine-scale redox fluctuations are not resolvable 
using iron speciation data. A prime example is illustrated 
in several studies of the Late Cambrian Alum Shale of 
Scandinavia. While the iron speciation data of the Alum 
Shale suggest widespread euxinia (Gill et al., 2011), even 
for  horizons  preserving  benthic  animal  fossils,  high-
resolution molybdenum concentration data reveal short-
term  oxic  intervals  during  which  benthic  animals 
colonized the seafloor (Dahl et al., 2019). 

In  this  study,  we  explore  dolomitized  stromatolitic 
carbonate from a Tonian succession as a potential archive 
for  paleoenvironmental  changes.  The  samples  were 
collected  from the  Tonian  Weiji  Formation  in  North 
China,  whose  depositional  age  has  been  constrained 
between ~1069 Ma (Yang et al., 2012) and ~913 Ma (Zhu 
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et al., 2019). On the basis of petrographic and geochemical 
data,  some  dolomitic  fabrics  in  Weiji  stromatolitic 
carbonates are interpreted as early diagenetic in origin, 
and  dolomitization  may  have  occurred  in  the  iron 
reduction zone beneath the sediment-water interface but 
under  the  influence  of  seawaters.  More  speculatively, 
micrometer-scale geochemical and petrologic variations in 
ferroan/non-ferroan dolomite crystals may be used to infer 
redox fluctuations in the early Tonian Period. This study 
highlights  that,  despite  dolomitization, 
paleoenvironmental signals in Precambrian dolostones are 
not  all  obliterated,  as  previously  demonstrated  in  the 
Tonian Beck Spring Formation in western US (Tucker, 
1983) and the Ediacaran Doushantuo Formation in South 
China (Chang et al., 2020). 
 
2 Geological Setting 
 

The Weiji Formation is part of the Huaibei Group that 
was deposited along the southern margin of the North 
China  Craton  (NCC;  Fig.  1a,  b)  during  the  late 
Mesoproterozoic to early Neoproterozoic Era. As one of 
the best studied cratons in the world (Zhao et al., 2005), 

NCC formed around 1.9 Ga (Kusky and Li, 2003; Zhao et 
al.,  2003;  Zhai  et  al.,  2015).  Since  then,  multiple 
sedimentary basins developed on the NCC. At ~1.1 Ga, 
the deposition of the Huaibei Group started as the Xuhuai 
rift basin opened (Meng et al., 2011; Su et al., 2020; Sun 
et al., 2020). The Huaibei Group (Fig. 1c) consists of 
siliciclastic rocks in the lower part (Lanling, Xinxing, and 
Jushan  formations)  and  carbonate  rocks  (Jiayuan, 
Zhaowei, Niyuan, Jiudingshan, Zhangqu, Weiji,  Shijia, 
Wangshan, Jinshanzhai, and Gouhou formations) in the 
middle and upper parts (Xiao et al., 2014), indicating 
continuous extension and a transition from rift to drift 
basin (Su et al., 2020).  

The  Weiji  Formation is  about  300  m thick in  the 
Huaibei region of North China, and consists of medium-
bedded light gray dolostone in the lower part, and thick-
bedded  light  gray  and  red  dolomitic  limestone  with 
stromatolites in the upper part (Xiao et al., 2014) (Fig. 1c). 
The age of the Weiji Formation is constrained between 
913 ± 10 and 1069 ± 27 Ma by LA-ICP-MS U-Pb dates of 
diabase sills and detrital zircons (Yang et al., 2012; Zhu et 
al., 2019). Form-taxa of stromatolites such as Baicalia 
baicalica, Colonnella moniasa, Conophyton cylindricus, 

 

Fig. 1. Geological maps and stratigraphic column. 
(a) Simplified geological map showing the location of the North China Block. The white box marks the Huaibei and Huainan regions. SCSI=South 
China Sea Islands. China basemap after China National Bureau of Surveying and Mapping Geographical Information; (b) geological map of the 
Huaibei and Huainan regions (white box in Fig. 1a), showing the distribution of Precambrian and lower Cambrian outcrops. The sampling locality is 
marked by a red star; (c) simplified stratigraphic column of the Huaibei Group in the Huaibei region. Samples of this study came from the Weiji 
Formation. Modified from Xiao et al. (2014), Wan et al. (2019), and Zhao et al. (2020). By–baddeleyite; DZ–detrital zircon; Zr–magmatic zircon. 
References for radiometric ages: (1) Yang et al. (2012); (2) Zhu et al. (2019); (3) He et al. (2016); (4) Fu et al. (2015); (5) Zhao et al. (2020).  
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Conophyton ocularoides, and Jacutophyton ramosum have 
been  reported  in  the  middle  of  the  Weiji  Formation, 
indicating suboxic subtidal environments (Qian et al., 2001). 
The upper Weiji Formation contains a different suite of 
stromatolites,  including  Colonnella  moniasa,  Linella 
weijiensis, Pitella leiosa, and Tungussia eracta, which are 
interpreted to represent oxic intertidal environments (Qian et 
al.,  2001).  Additionally,  the  carbonaceous  compression 
fossils Chuaria and Tawuia (Zhang and Walter, 1992), as 
well as molar-tooth structures (Meng and Ge, 2002), have 
been reported from the Weiji Formation. In this study, we 
focus on the dolomitic limestone with stromatolites from the 
Weiji Formation. 

 
3 Methods and Materials 
 
3.1 Sample preparation 

Samples were collected from the Weiji Formation at the 
Lushan section in Biantang of Tongshan County (GPS N34°
24'32",  E117°33'32";  Fig.  1b).  Mirrored  thin and  thick 
sections  of  fresh  carbonate  rocks  were  prepared  for 
petrographic studies and micro-mill sampling. Guided by thin 
section  observation,  powders  were  micro-drilled  from 
corresponding thick sections using a 0.5 mm drill bit, avoiding 
late  diagenetic  calcite veins.  Dark and light  laminae  of 
stromatolites and matrix (interspace between stromatolites) 
were sampled separately whenever possible. About 50 mg of 
carbonate powder was collected at every sampling point for 
elements measurement and isotope analysis. 

 
3.2 Petrographic analysis 

Thin  sections  were  observed  under  a  polarizing 
microscope  (Nikon  Eclipse  LV100N  POL).  Crystal 
morphologies  and  elemental  distribution  of  dolomites 
were  determined  by  field-emission  Scanning  Electron 
Microscopy  (SEM)  and  Energy  Dispersive  X-Ray 
Spectroscopy (EDS) on an FEI Quanta 650 FEG coupled 
with INCA Synergy in the Laboratory of Orogenic Belts 
and Crustal Evolution at Peking University. SEM-EDS 
observation  was  focused  on  dolomite  crystals  with 
multiple concentric growth bands. Chromium-plated thin 
sections  were  observed  using  backscattered  electron 
scanning  electron  microscopy  (SEM-BSE).  Areas 
containing  dolomite  crystals  with  multiple  concentric 
growth  bands  were  scanned  for  8  h  using  Energy 
Dispersive X-Ray Spectroscopy to obtain elemental maps. 

 
3.3 Carbon and oxygen isotope analysis 

δ13C and δ18O were measured on a Thermal Scientific 
Delta V isotope ratio mass spectrometer (IRMS) equipped 
with  a  Gas  Bench  II  system in  the  Louisiana  State 
University Oxy-Anion Stable Isotope Consortium Lab. 
About 0.1 mg of powder was loaded in headspace vials 
and allowed to react with phosphoric acid anhydrous at 
75°C. CO2 gas derived from this reaction was separated by 
gas chromatography and analyzed by a Thermal Scientific 
Delta V IRMS. Isotopic ratios are reported as δ-notation 
with respect to the VPDB standard and calibrated using 
the lab standard CMA (δ13CVPDB = 2.57‰，δ18OVPDB = –
4.31‰). The analytical precision is better than 0.08‰ for 
δ13C and 0.1‰ for δ18O. 

3.4 Major, minor, and trace elements analysis 
Approximately 50 mg of micro-drilled powder was 

treated with 5 mL 10% NaCl for 1 h to remove adsorbed 
ions. The sample was then centrifuged for 10 min at 3000 
rpm, and the residue was washed with deionized (DI) 
water. In order to fully remove the adsorbed ions, the 
procedure was repeated three times. After being dried in 
an oven at 65℃ for 12 h, the residue was dissolved in a 5 
mL buffer solution (acetic acid and ammonium acetate) 
with the pH adjusted accurately to 4.5, following the 
sequential extraction procedure for carbonate associated 
components  (Poulton  and  Canfield,  2005).  To  ensure 
complete dissolution of the residue, the sample was placed 
on a shaking table and allowed to react with the buffer 
solution at 50°C for 48 h.  Following dissolution, the 
sample was centrifuged for 10 min at 3000 rpm, and 0.5 
mL supernatant was taken out and mixed with 4.5 mL 2% 
nitric  acid  for  elemental  analysis.  Major  and  minor 
elemental compositions were measured on a Spectra Blue 
Sop  Inductively  Coupled  Plasma  Optical  Emission 
Spectrometer (ICP-OES) at Peking University, and trace 
elements were measured on a Thermo Fisher X-Series 
inductively coupled plasma mass spectrometer (ICP-MS) 
at  the  Chinese  Academy of  Geological  Sciences.  All 
analyses  were  calibrated  by  a  series  of  gravimetric 
standards with different concentrations (ranging from 0.1 
to 10 ppm). Standard GSR-13 was measured to assess 
analytical accuracy. The external reproducibility is ±5% 
for the major and minor elements (23Na, 24Mg, 27Al, 39K, 
40Ca, 56Fe, 55Mn, 88Sr, 232Th) in carbonate samples, and 
±10% for rare earth elements (REE, 139La, 140Ce, 141Pr, 
144Nd, 150Sm, 152Eu, 157Gd, 159Tb, 163Dy, 89Y, 165Ho, 167Er, 
169Tm, 173Yb, 175Lu) in carbonate samples. 

To eliminate effects related to nuclear stability, raw 
concentrations of rare earth elements and yttrium (REY) 
were normalized against post-Archean Australian Shale 
(PAAS)  (McLennan,  1989).  Due  to  similar  chemical 
properties, the PAAS-normalized REY show smooth and 
predictable distribution patterns (Tostevin et al., 2016). 
Deviations from this pattern, the so-called anomalies, are 
because  some  REY  elements  have  unique  chemical 
properties. In this study, we focus on the yttrium anomaly, 
europium anomaly, cerium anomaly, and MREE (middle 
REE, including Sm, Eu, Gd, Tb, Dy) enrichment (see 
detailed discussion in Section 5.1). These anomalies were 
evaluated using following equations: 

Europium anomaly (Tostevin et al., 2016):  

Cerium anomaly (Lawrence et al., 2006):  

MREE enrichment or bell-shaped index (BSI) (Tostevin 
et al., 2016):  

 

raw
wt.

raw

[Y]
Y/Ho

[Ho]
= Yttrium anomaly (Bau, 1996):  

 * PAAS
PAAS PAAS

PAAS PAAS

2 [Eu]
Eu / Eu

[Sm] [Gd]
=




* PAAS
PAAS PAAS 2

PAAS PAAS

[Ce]
Ce / Ce

([Pr] ) / [Nd]
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where [ ]raw denotes raw concentrations, and [ ]PAAS  means 
PAAS-normalized  values.  When  CePAAS/Ce*

PAAS  is 
consistently less than unity, it is conventionally regarded 
as a negative Ce anomaly. 
 
4 Results 
 
4.1 Macrostructure of stromatolites 

Most  stromatolites  in  this  study  are  grey  or  red 
bifurcated columns (Figs. 2a, 3a, 4a), growing on layered 
microbialites and forming stromatolitic build-ups up to 3 
m in height and 10 m in the lateral dimension. Interspace 
between stromatolites (matrix) is filled with carbonate 
sediments  and  cements.  Red  stromatolites  are  usually 
associated  with  gray  calcitic  matrix  while  gray 
stromatolites  are  usually surrounded  by red  dolomitic 
matrix. Individual stromatolitic columns are 2–10 cm wide 
and 3–15 cm high.  They usually grew vertically and 
widened  upward.  Local  bridges  are  common between 
columns.  Some stromatolites  branch dichotomously or 
laterally. Stromatolitic laminae are gently convex upward, 
banded, non-couplets, and gradational, with a thickness of 
1–2 mm. 

 
4.2 Dolomitization patterns 

Based on the differences in the distribution, textures, 
and chemical compositions of dolomite, three types of 
dolomitization  patterns  have  been  identified  in  the 
stromatolitic carbonate samples from the Weiji Formation. 
Types I and II are selective dolomitization in dolomitic 
limestones. In type I, dolomitization occurs selectively in 
the matrix. In type II, dolomitization preferentially occurs 
in dark stromatolitic laminae. In type III dolomitization, 
both  the  matrix  and  stromatolites  are  pervasively 

dolomitized  to  form  dolostones.  Petrographic  and 
geochemical features of these three dolomitization patterns 
are described in the following sections. 

 
4.3 Mineralogy and petrography 

The dolomite-texture classification scheme proposed by 
Sibley and Gregg (1987) is used in this study. The scheme 
is based on two categories: crystal size distribution and 
crystal boundary shape. Crystal size distribution can be 
unimodal or polymodal. Crystal boundary shapes can be 
planar or nonplanar (i.e., closely packed anhedral crystals 
with curved, irregular intracrystalline boundaries). Planar 
textures  are  further  divided  into  planar-s  (subhedral 
crystals, straight intracrystalline boundaries, low matrix) 
and planar-e (euhedral rhombic crystals, grain-supported 
with an intracrystalline matrix). 

In dolomitic limestone with type I dolomitization, only 
the matrix is dolomitized (Fig. 2). The dark and light 
stromatolitic  laminae  are  composed  of  calcite  and 
distinctive from the red matrix (Fig. 2a–b). Calcite grains 
within light laminae are interlocking, anhedral, and sparry 
calcite (10–30 µm), and they are stained red with Alizarin 
Red S (ARS) (Fig. 2c–f). Dark laminae contain crinkled, 
anastomosing, and probably organic-rich components with 
sporadic sparry calcitic portions (Fig. 2c–f). The matrix is 
mainly composed of rhombic, planar-e dolomite crystals. 
These dolomite crystals are unstained with ARS, but a 
small amount of calcite, stained red with ARS, does exist 
between the dolomite grains. The grain size of dolomite, 
varying  from  30  µm  to  70  µm,  shows  unimodal 
distribution (Fig. 2g–h).  

In contrast to type I dolomitization where dolomite 
preferentially occurs in the matrix, type II dolomitization 
is focused on the dark stromatolitic laminae, whereas the 

PAAS PAAS PAAS

PAAS PAAS PAAS PAAS PAAS PAAS PAAS PAAS

2 ([Sm] +[Gd] +[Dy] )/3
BSI

([La] +[Pr] [Nd] )/3 ([Ho] +[Er] [Tm] [Yb] +[Lu] ) / 5
=


   

 

 

Fig. 2. Stromatolitic and dolomitic limestone with type I dolomitization pattern. 
(a–b) Outcrop and hand-specimen photographs showing light-colored columnar stromatolites and red-colored matrix sediment. Boxes in (b) mark 
areas selected to make thin and thick sections; (c, e, g) transmitted light photomicrographs of petrographic thin sections, showing that dark-colored 
stromatolitic laminae with crinkled microbial structures (labeled “D” in c–e) and light-colored stromatolitic laminae are composed of sparry calcite 
(labeled “L” in c and e), whereas the matrix is preferentially dolomitized (g); (d, f, h) transmitted light photomicrographs of ARS-stained thin sec-
tions, showing dark stromatolitic laminae (labeled “D” in d and f), light stromatolitic laminae (labeled “L” in d and f), and the dolomitic matrix (h). 
Yellow dashed lines in (c–f) denote boundaries between light and dark stromatolitic laminae. Blue arrows in (g) and (h) mark undolomitized calcite. 
(e) and (f) show the same area.  
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light stromatolitic laminae and the matrix are composed of 
anhedral micro-sparry calcite (10–20 µm in size) with 
sporadic occurrence of dolomite crystals (Fig. 3c–h). The 
dark laminae are completely replaced by rhombic, planar-e 
dolomite  with  intracrystalline  areas  filled  with  sparry 
calcite (Fig. 3c–f, i). The size of dolomite crystals varies 
from about 30 µm to about 100 µm or more, and seems to 
be  bimodally  distributed.  Syntaxial  overgrowth  of 
dolomite crystals is well developed within dark laminae. 
Two types of syntaxial overgrowth bands are observed: 
one is red in color and the other is transparent. Similarly, 
the core of dolomite crystals can also be red or transparent 
(Fig. 3i). SEM-EDS observation shows that transparent 
cores and  bands are enriched in magnesium (Fig.  4), 
whereas  reddish  cores  and  bands  have  higher  iron 
concentrations (Figs. 3j, 4), indicating that they are ferroan 
dolomite.  Ferroan  dolomite  and  non-ferroan  dolomite 
bands can alternate to form multiple overgrowth bands in 
the same crystals (Figs. 3i, 4). The boundaries between the 

bands and between the band and the core show various 
contact relationships. Some boundaries are clear and sharp 
but others are cloudy (Fig. 3i). 

In type III dolomitization, both stromatolites and the 
matrix are pervasively replaced with dolomite, although 
dolomite crystal size is not uniform (Fig. 5c–i). Dolomite 
crystals in the matrix (100–200 µm in size) are much 
larger than those in stromatolites (<20 µm). In the matrix, 
dolomite crystals are closely packed and show anhedral, 
nonplanar textures with curved, irregular intracrystalline 
boundaries (Fig. 5g–i). Brown cloudy cores are commonly 
present in dolomite crystals and some cores are euhedral 
rhombs  in  shape  (Fig.  5g–i).  In  the  dolomitized 
stromatolites, the original laminae are greatly altered or 
destroyed,  and  the  alternation  of  dark  and  light 
stromatolitic laminae is no longer identifiable (Fig. 5c–f). 
 
4.4 Geochemical results 

Average concentrations of major and minor elements, 

Fig. 3. Stromatolitic and dolomitic limestone with type II dolomitization pattern. 
(a–b) Outcrop and hand-specimen photographs showing red-colored columnar stromatolites and light-gray matrix. Boxes in (b) mark areas selected 
to make thin and thick sections; (c, e, g) transmitted light photomicrographs of petrographic thin sections, showing that the dark-colored stromatoli-
tic laminae (labeled “D” in c, e) are preferentially dolomitized, whereas light-colored stromatolitic laminae (labeled “L” in c, e) and the matrix (g) 
consist largely of sparry calcite. Syntaxial ferroan dolomite (red) and non-ferroan dolomite (transparent) overgrowth bands are well developed 
within the dark laminae (c, e); (d, f, h) transmitted light photomicrographs of ARS-stained thin sections, showing dark stromatolitic laminae (d and 
labeled “D” in f), light stromatolitic laminae (labeled “L” in f), and the matrix (h). Yellow dashed lines in (c, e, f) mark boundaries between light and 
dark laminae. Blue arrows in (d, e, f) mark sparry calcite within dark laminae. (e–f) and (g–h) are pairs of images showing the same areas; (i) over-
growth bands of dolomite crystals in dark stromatolitic laminae. Red and green arrows in (i) denote clear (red) and cloudy (green) boundaries be-
tween bands or between growth bands and the core.  
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and average δ18O and δ13C values,  with one standard 
deviation, are summarized in Table 1. Geochemical data 
are  consistent  with  petrographic  observations. 
Dolomitized  fabrics,  including  the  matrix  in  type  I 
dolomitization, the dark stromatolitic laminae in type II 
dolomitization,  and  stromatolitic  dolostone  in  type  III 
dolomitization, show much higher Mg/Camolar ratios than 
undolomitized fabrics. In dolomitic limestones (type I and 
II),  dolomitized  fabrics  have  higher  Fecarb  and  Mncarb 
concentrations, which show a positive correlation with 
Mg/Camolar (Fig. 6a–b, f–g). On the contrary, dolomitic 
and calcitic fabrics in dolomitic limestones (type I and II) 
show  similar  Srcarb  concentrations  (Fig.  6c,  h).  The 
difference in δ18O and δ13C between dolomite and calcite 
is also minor (Fig. 6d–e, i–j). For stromatolitic dolostone 
with type III dolomitization, all fabrics (stromatolite and 
matrix)  show  identical  elemental  and  isotopic 

compositions, and roughly the same Mg/Camolar ratios (Fig. 
6k–o). Compared with dolomitic limestones (type I and II 
dolomitization),  stromatolitic  dolostones  with  type  III 
dolomitization have lower δ13C but slightly higher δ18O 
values (Fig. 7). 

Trace elements (REY and thorium) concentrations, total 
concentration  of  REEs  (∑REE),  Y/Ho wt.  ratios,  Eu 
anomalies (Eu/Eu*), Ce anomalies (Ce/Ce*), and BSI are 
presented  in  Table  2.  The  PAAS-normalized  REY 
compositions  are  shown  in  Fig.  8.  Both  dolomitic 
limestones (types I and II) and dolostones (type III) show 
LREE (light REE, including La, Ce, Pr, Nd) depletions. 
Further, no Eu anomaly (0.96 ± 0.06, n = 15) or Ce (1.02 ± 
0.11, n  = 15)  anomaly has  been observed.  However, 
geochemical  differences  do  exist  between  dolomitic 
limestones (types I and II dolomitization) and dolostones 
(type III dolomitization). Compared with the low Y/Ho 

 

Fig. 4. BSE image (top left panel) and EDS elemental maps (elements labeled in the lower right of each panel) of rhombic 
dolomite crystals in dark stromatolitic laminae in dolomitic limestones with type II dolomitization pattern. 
For rhombic dolomite crystals in the BSE image, the brightest (white) thin bands are red ferroan overgrowth bands, other darker bands are transparent 
non-ferroan overgrowth bands.  
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(34.93 ± 1.41, n = 2) of dolostones (type III), dolomitic 
limestones (type I and II) display higher Y/Ho ratios 
(37.76 ± 3.09, n = 13). Dolomitic limestones (types I and 

II) exhibit distinct MREE enrichment (BSI = 1.45 ± 0.10, 
n = 13), greater than modern Bahamian ooids (BSI = 1.2 ± 
0.2) (Li et al., 2019; Gong et al., 2021), but less than 

 

Fig. 5. Stromatolitic dolostones with type III dolomitization pattern. 
(a–b) Outcrop and hand-specimen photographs showing red-colored stromatolites and light-colored matrix; (c, e, g) transmitted light photomicro-
graphs of petrographic thin sections, showing stromatolites (c, e) and the matrix (g). The entire rock has been completely dolomitized and stromato-
litic laminae have been greatly altered or destroyed; (d, f, h) transmitted light photomicrographs of ARS-stained thin sections of stromatolites (d, f) 
and the matrix (h); (i) enlarged photomicrographs showing brown and cloudy cores within the matrix. Red arrows in (g, h, i) show dolomite crystals 
with euhedral, brown, and cloudy cores within the matrix. (c–d) and (g–h) are pairs of images showing the same areas. 

Table 1 Average concentrations of major and minor element concentrations, and average 𝛿18O and 𝛿13C values of dolomitic 
limestones and dolostones with three types of dolomitization (one-standard-deviations are presented) 

Dolomitization pattern 
Carbonate 

(wt%) 
Mg/Ca

molar

 
Fe

carb

  
(ppm) 

Mn

Carb

  
(ppm) 

Sr

carb

  
(ppm) 

𝛿

18

O

VPDB

  
(‰) 

𝛿

13

C

VPDB

  
(‰) 

T
yp

e 
I 

Dark laminae (n = 12) 86.8 ± 4.4 0.012 ± 0.001 629.2 ± 129.3 651.7 ± 102.3 176.7 ± 12.8 −5.85 ± 0.45 2.75 ± 0.12 

Light laminae (n = 12) 87.9 ± 8.6 0.011 ± 0.001 428.1 ± 236.5 666.1 ± 123.3 180.4 ± 15.0 −5.32 ± 0.67 2.76 ± 0.12 
Mixture of dark and light 
laminae (n = 3) 

88.6 ± 3.7 0.016 ± 0.005 1034.4 ± 691.3 609.3 ± 106.9 156.5 ± 54.5 −6.11 ± 1.53 2.36 ± 0.63 

Matrix (n = 5) 77.3 ± 7.7 0.20 ± 0.19 2209.4 ± 1555.4 1321.3 ± 597.4 136.0 ± 29.4 −5.88 ± 1.48 2.40 ± 0.83 

T
yp

e 
II

 

Dark laminae (n = 5) 83.8 ± 4.0 0.27 ± 0.10 16465.8 ± 5528.2 2512.7 ± 747.5 106.2 ± 13.4 −6.26 ± 0.38 1.31 ± 0.25 

Light laminae (n = 5) 87.5 ± 2.0 0.06 ± 0.01 4999.0 ± 824.0 921.9 ± 82.7 107.0 ± 3.1 −6.98 ± 0.17 1.19 ± 0.04 
Mixture of dark and light 
laminae (n = 8) 

85.7 ± 3.9 0.23 ± 0.09 14985.9 ± 6468.7 2310.0 ± 791.5 108.0 ± 9.5 −6.37 ± 0.29 1.37 ± 0.09 

Matrix 
(n = 7) 

88.8 ± 5.4 0.13 ± 0.18 6369.6 ± 5695.1 1284.2 ± 1306.2 117.1 ± 11.2 −6.66 ± 0.90 1.23 ± 0.21 

T
yp

e 
II

I Stromatolite 
(n = 9) 

74.6 ± 4.0  0.83 ± 0.06 3758.7 ± 1047.6 1327.7 ± 281.4 82.9 ± 11.5 −4.41 ± 0.31 −0.73 ± 0.40 

Matrix 
(n = 10) 

74.8 ± 4.9 0.85 ± 0.03 3782.1 ± 568.1 1160.5 ± 231.5 83.4 ± 8.7 −4.58 ± 0.22 −0.63 ± 0.46 
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stromatolitic dolostones (type III) in this study (BSI = 2.03 
± 0.20, n = 2). Similarly, dolomitic limestones have much 
lower REEs concentrations (ΣREE = 22.20 ± 9.93, n = 13) 
compared with those of dolostones (ΣREE = 62.12 ± 2.03, 
n = 2). 

 
5 Discussion 
 
5.1 Timing of dolomitization 

One  effective  way  to  constrain  the  timing  of 
dolomitization is  to  investigate the fluids from which 

dolomite  precipitated.  The  similarity  or  difference 
between these fluids and seawater can help us understand 
whether  dolomite  formed  in  seawaters,  in  porewaters 
connected  with  seawaters,  in  meteoric  fluids,  or  in 
hydrothermal fluids during deep burial. The geochemical 
tracers used in this study are REY. As a group of elements 
with  coherent  geochemical  properties,  the  REEs, 
especially their normalized concentration patterns, have 
been widely used to track oceanic geochemical processes. 
Yttrium is often considered together with REEs, because 
they share physicochemical similarities (e.g., similar ionic 

 

Fig. 6. Cross-plots showing the relationship between Mg/Ca and Fecarb, Mncarb, Srcarb, δ
18Ocarb, and δ13Ccarb of dolomitic limestones 

with type I (a–e) and type II (f–j) dolomitization patterns, and dolostones with type III dolomitization pattern (k–o). 
The regression lines of type I dolomitization are based on data of the matrix and those of type II dolomitization are based on data of dark stromatolitic laminae.  
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radii and electronegativities) and yttrium and most REEs 
are trivalent (Bau, 1996; Bau et al., 1996; Nozaki et al., 
1997). Different fluids have different REY patterns, and 
these patterns can be recorded by carbonates precipitated 
from the fluids (Hecht et al., 1999; Webb and Kamber, 
2000; Zhang et al., 2014).  

Compared with other fluids, modern seawaters show 
distinctive  REY  characteristics:  LREE  depletions, 

negative cerium anomalies, positive yttrium anomalies, 
and lack of europium anomalies (Webb and Kamber, 
2000; Tostevin et al., 2016) (Fig. 8). First, REEs usually 
exist as carbonate complexes in the seawater, and the 
carbonate  complexation increases  from light  to  heavy 

 

Fig. 7. Cross-plot of δ18Ocarb and δ13Ccarb of dolomitic lime-
stones and dolostones grouped by different dolomitization 
patterns. Compared with dolomitic limestones with type I 
and type II dolomitization, dolostones with type III dolo-
mitization show distinct δ18Ocarb and δ13Ccarb signals.  

Fig. 8. Post-Archean Australian shale (PAAS) normalized 
rare earth elements and yttrium (REY) patterns of dolomitic 
limestones and dolostones grouped by different dolomitiza-
tion patterns. 
Fabrics are differentiated by the style of lines. Modern seawater, mid-
ocean ridge hydrothermal fluids, average Holocene microbialite,  and 
Göpfersgrün early and late hydrothermal dolomite REY patterns were 
adopted from Chang et al. (2020) and references therein. Penglaiba non-
magmatic hydrothermal dolomite REY patterns (no Eu anomaly) were 
adopted from Zhang et al. (2014).  

  

Table 2 Rare earth element, yttrium, and thorium concentrations (ppm) of dolomitic limestones and dolostones with three 
types of dolomitization 

Sample number La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu ΣREE Th 
Y/ 
Ho 

Eu/ 
Eu* 

Ce/ 
Ce* 

BSI 

T
yp

e 
I 

1-5 

Light 
laminae 

1.58 3.29 0.45 2.08 0.36 0.10 0.54 0.09 0.50 5.05 0.12 0.34 0.04 0.23 0.04 14.81 0.15 43.30 1.06 0.98 1.28 

Dark 
laminae 

2.42 7.16 0.75 3.63 0.81 0.17 0.92 0.14 0.87 6.12 0.17 0.44 0.06 0.35 0.06 24.06 0.16 36.91 0.90 1.33 1.52 

Matrix 4.05 12.48 1.65 7.56 1.60 0.35 1.58 0.25 1.38 9.19 0.28 0.74 0.10 0.62 0.09 41.92 2.18 33.40 1.04 1.00 1.48 

1-6 

Light 
laminae 

3.01 8.70 1.06 4.69 1.04 0.21 1.00 0.16 0.90 6.88 0.18 0.47 0.06 0.46 0.07 28.90 1.38 37.62 0.99 1.06 1.42 

Dark 
laminae 

3.61 12.46 1.58 7.29 1.67 0.34 1.58 0.25 1.32 8.30 0.26 0.70 0.09 0.59 0.09 40.14 2.28 32.26 0.98 1.06 1.57 

T
yp

e 
II

 

3-1-1 

Light 
laminae 

1.23 3.16 0.47 2.21 0.54 0.10 0.54 0.09 0.49 4.11 0.10 0.33 0.04 0.27 0.04 13.72 0.34 39.27 0.85 0.92 1.37 

Dark 
laminae 

1.71 4.84 0.71 3.45 0.83 0.17 0.92 0.14 0.83 5.92 0.15 0.45 0.06 0.34 0.05 20.58 1.43 39.30 0.91 0.94 1.63 

3-1-2 
Light 
laminae 

1.31 3.52 0.51 2.55 0.56 0.12 0.57 0.09 0.60 4.26 0.11 0.34 0.04 0.29 0.04 14.90 0.63 37.26 0.96 1.01 1.42 

3-1-3 

Light 
laminae 

1.38 3.93 0.52 2.18 0.49 0.11 0.54 0.08 0.54 3.94 0.11 0.29 0.05 0.28 0.04 14.46 0.54 37.05 1.01 0.92 1.36 

Dark 
laminae 

1.76 5.56 0.76 3.43 0.87 0.17 0.77 0.15 0.80 5.71 0.16 0.46 0.06 0.31 0.05 21.02 1.70 35.55 1.00 0.94 1.53 

Matrix 1.21 2.86 0.42 1.95 0.44 0.10 0.50 0.08 0.53 4.07 0.10 0.33 0.04 0.25 0.04 12.92 0.49 42.56 0.96 0.91 1.39 

3-3-2 

Light 
laminae 

2.09 6.89 0.95 4.64 1.01 0.21 1.07 0.18 1.08 7.84 0.21 0.57 0.07 0.41 0.06 27.28 0.19 38.25 0.94 1.03 1.57 

Dark 
laminae 

1.34 3.51 0.46 2.19 0.46 0.09 0.51 0.09 0.54 3.96 0.10 0.30 0.04 0.25 0.04 13.89 1.56 38.14 0.87 1.04 1.37 

T
yp

e 
II

I 

6-13 

Stromatolite 3.57 12.10 1.68 9.09 2.95 0.64 3.47 0.54 2.99 19.91 0.55 1.58 0.20 1.25 0.18 60.69 1.88 35.93 0.93 1.13 1.89 

Matrix 3.29 12.11 1.90 10.40 3.70 0.80 3.99 0.60 3.34 19.73 0.58 1.60 0.19 1.17 0.17 63.56 1.52 33.94 0.97 1.01 2.17 
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REEs (Byrne and Kim, 1990). Increased complexation 
causes a decrease in free REE ions, which leads to less 
adsorption of HREEs, relative to LREEs, onto particle 
organic matters and other inorganic minerals (Sholkovitz 
et al., 1994; Haley et al., 2004). As a result, LREEs are 
preferentially removed from the ocean, leading to LREE 
depletion  in  seawaters.  Second,  unlike  other  trivalent 
REEs, cerium can exist in a tetravalent state after losing 
one 4f electron and reaching a stable state with an empty 
4f orbital (Gschneidner and Pecharsky, 2019). Under oxic 
conditions, as in most parts of the modern ocean, trivalent 
cerium  is  oxidized  to  tetravalent  cerium  oxides  and 
removed  from  seawaters,  leading  to  a  negative  Ce 
anomaly  in  seawaters  (German  and  Elderfield,  1990; 
Tostevin  et  al.,  2016).  Third,  yttrium  anomalies  are 
evaluated based on Y/Ho ratios. As a major source of 
REEs to seawaters, shale has a chondritic Y/Ho ratio of 28 
(Piepgras and Wasserburg, 1980; Bau, 1996). However, 
modern seawaters have a higher Y/Ho ratio of 44–74 due 
to  lower  stabilities  of  organic  and  inorganic  surface 
complexes of Y compared with Ho (Byrne and Kim, 1990; 
Bau, 1996; Bau et al., 1996). Last, positive Eu anomalies 
are important features of hydrothermal fluids, and can be 
developed through fluid-rock interaction with plagioclase, 
which is enriched in Eu due to Eu2+ substitution for Ca2+, 
and positive Eu anomalies are particularly common in 
fluid-rock interaction under low oxygen fugacity and high 
temperature (>250°C) conditions (Sverjensky, 1984; Mclennan, 
1989; Hecht et al., 1999).  

In this study, REY patterns of dolomitic limestones with 
types I and II dolomitization show seawater signatures 
discussed  above,  including  LREE  depletion,  positive 
yttrium anomalies,  and the  lack of positive europium 
anomalies (Fig. 8). Both calcitic fabrics (dark and light 
laminae of type I dolomitization, and light laminae and 
matrix of type II dolomitization) and dolomitic fabrics 
(matrix of type I dolomitization, and dark laminae of type 
II  dolomitization)  have  consistent  seawater-like  REY 
patterns, which suggests that calcitic and dolomitic fabrics 
were  both  influenced  by seawaters.  Furthermore,  this 
interpretation is also supported by the indistinguishable 
δ18O and δ13C values of the calcitic and dolomitic fabrics 
(Fig. 6d–e, i–j). Although the normalized REY patterns 
are similar, dolomitic fabrics always have higher REY 
concentrations than calcitic fabrics, possibly indicating 
greater  distribution coefficients  of  REY for  dolomite. 
Similarly, due to their preference of Mg2+ sites over Ca2+ 
sites in carbonate crystals (Kretz, 1982; Warren, 2000), 
Mn2+ and Fe2+ have greater distribution coefficients for 
dolomite  and  their  concentrations  show  positive 
correlations with Mg/Ca ratio (Fig. 6a–b, f–g). 

Despite similarities in REY patterns between type I-II 
carbonates  and  modern  seawaters,  there  are  some 
important differences. First, the most prominent difference 
is an MREE enrichment (BSI = 1.45 ± 0.10, n = 13) in 
carbonate fabrics with type I and II dolomitization (Fig. 
8). This “MREE bulge” is interpreted to be associated 
with iron oxides that preferentially scavenge MREEs from 
the water column. During early diagenetic iron reduction, 
MREEs are released from the iron oxides and enriched in 
the porewater (Haley et al., 2004). Hence, this MREE 

enrichment  pattern  suggests  dolomite  and  calcite 
precipitation may have been influenced by the microbial 
iron  reduction  in  early  diagenesis.  On the  California 
margin underneath suboxic to oxic bottom waters, the iron 
reduction  zone  is  reached  within  the  top  20  cm of 
sediments (Haley et al., 2004). Considering widespread 
ferruginous conditions in early Tonian oceans (Canfield et 
al., 2008; Johnston et al., 2010; Guilbaud et al., 2015), the 
iron reduction zone may have been shallower or even in 
the  water  column,  consistent  with  seawater-like  REY 
features  discussed  above.  Second,  unlike  modern 
seawaters,  dolomitic  limestones  with  types  I  and  II 
dolomitization show no negative Ce anomalies. The lack 
of  a  negative  Ce  anomaly  indicates  that  calcite  and 
dolomite formed in anoxic settings and further supports a 
shallow iron reduction zone as discussed above. Third, 
although the Weiji samples all show Y anomalies, their Y/
Ho  ratios  are  slightly  lower  than  those  of  modern 
seawaters. There are two possible explanations for this 
difference: (1) sedimentary carbonates may have slightly 
lower Y/Ho ratios than those of seawaters (Bau, 1996); or 
(2) Y/Ho ratios can be contaminated by detrital materials 
(Gong  et  al.,  2021).  Indeed,  the  reverse  correlation 
between Th and Y/Ho (Fig. 9) indicates possible detrital 
contaminations, as detrital materials tend to be enriched in 
Th relative to carbonates and have a chondritic Y/Ho ratio 
of  28  (Piepgras  and  Wasserburg,  1980;  Bau,  1996). 
However, considering that Th concentrations (<2.3 ppm) 
are low, any detrital contamination should be relatively 
minor. Thus, considering their overall seawater-like REY 
patterns, we favor the interpretation that the dolomitic 
limestones with types I and II dolomitization patterns in 
the Weiji Formation are early diagenetic in origin and 
were  influenced  by  Tonian  seawaters,  despite  their 
relatively low Y/Ho ratios compared to modern seawaters. 
This  interpretation  is  consistent  with  petrographic 
observations of rhombic, planar-e dolomite crystals (Fig. 
2g–h), which indicate that dolomitization occurred below 
the critical roughening temperature (CRT) of 50°C–60°C 
(Sibley and Gregg, 1987).  

Stromatolitic dolostones with type III dolomitization 
have a stronger “MREE bulge” (BSI = 2.03 ± 0.20, n = 2), 
and their REY concentrations are much higher than the 
dolomitic limestones with types I and II dolomitization, 

 

Fig. 9. Cross plot of Y/Ho ratios and Th concentrations 
of dolomitic limestones with types I and II dolomitiza-
tion. The Y/Ho ratio decreases as Th concentration in-
creases.  
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falling into the area of hydrothermal dolomite (Fig. 8). 
Without Eu anomalies, these dolostones were possibly 
precipitated from “low” temperature (<200°C) hydrothermal 
fluids or burial diagenetic fluids (Zhang et al., 2014). 
These dolostones also show a slight HREE (heavy REE, 
including Ho, Er, Tm, Yb, Lu) depletion, and this may 
have been caused by HREE being bound to less soluble 
minerals during REE mobilization (Lüders et al., 1993; 
Hecht et al., 1999). Further, their Y/Ho ratios are also 
relatively low, and less likely to record marine signals. 
Their δ18O and δ13C values are distinct from those of 
dolomitic limestones with types I and II dolomitization 
(Fig. 7), indicating a different origin. Petrographically, 
they consist of closely packed, anhedral crystals (Fig. 5g–
i), suggesting dolomitization above the CRT. Moreover, 
given the euhedral, rhombic cloudy cores present in some 
dolomite crystals (Fig. 5g–i), the anhedral crystals can be 
derived  from the  recrystallization  of  low-temperature, 
planner, euhedral dolomite grains during burial diagenesis 
and  may  represent  a  second  dolomitization  event 
(Winkelstern and Lohmann, 2016; Ning et al., 2019).  

 
5.2 Early Tonian marine redox environment 

As discussed above, understanding the Tonian marine 
redox environment is important because the redox change 
can be a major driver of biological innovations during this 
critical interval.  Paleo-redox studies of Tonian marine 
sediments have been focused on fine-grained siliciclastic 
rocks and micritic carbonate rocks (e.g., Johnston et al., 
2010; Liu et al., 2021). However, recent work has shown 
that microbialites (Webb and Kamber, 2000) and marine 
carbonate cements, including early diagenetic dolomite 
cements (Hood and Wallace, 2012; Hood et al., 2015; 
Wallace et al., 2017; Wood et al., 2017), can also preserve 
paleo-redox information. In light of these recent advances 
and guided by the petrographic and geochemical data 
presented  above,  we  hypothesize  that  types  I  and  II 
dolomitization in the stromatolitic dolomitic limestones of 
the  Weiji  Formation may have  occurred  during  early 
diagenesis, and as such oceanic redox information may 
still be preserved in these rocks. 

The consistent lack of negative Ce anomalies in the 
dolomitic limestones of the Weiji Formation is thus taken 
as evidence for anoxic porewater conditions. Given that 
negative Ce anomalies can survive early diagenesis and 
are recorded in the sediment column beneath an oxic water 
column in the Great Bahamas Bank (Liu et al., 2019), the 
lack of a negative Ce anomaly in the dolomitic limestones 
of the  Weiji  Formation present  tentative evidence for 
anoxic  bottom  seawaters  in  the  Huaibei  basin.  The 
development  of  stromatolites  in  the  Weiji  Formation, 
which was deposited on a carbonate platform (Sun et al., 
2020),  indicates  that  anoxia  may  have  expanded  to 
shallow waters in this early Tonian marine basin. 

More speculatively,  we argue that  ferroan dolomite 
crystals and their overgrowth bands (Figs.  3i–j, 4) in 
dolomitic  limestones  with  type  II  dolomitization  may 
inform us about paleo-redox conditions in pore-waters 
and/or  seawaters.  Ferroan  dolomite  was  previously 
thought to be precipitated during burial diagenesis at high 
temperatures  (Choquette,  1971; Wong and Oldershaw, 

1981;  McHargue  and  Price,  1982;  Jacquemyn  et  al., 
2014).  In  their  study  of  Pennsylvanian  limestones, 
McHargue and Price (1982) pointed out that Mg2+ and 
Fe2+ ions for ferroan dolomite precipitation were released 
from the smectite-illite conversion at high temperatures 
while the HCO3

− supply was derived from organic matter 
decay.  However,  several  recent  field  and  laboratory 
experiments indicate that ferroan proto-dolomite can form 
through microbial mediated dolomitization under surface 
conditions (Vasconcelos et al., 1995; Roberts et al., 2004; 
Xu et al., 2019), and Precambrian ferroan dolomite may 
contain paleo-redox information (Wood et al., 2017).  

Conventional physico-chemical dolomitization models 
usually  involve  the  circulation  of  brines  or  fluids  in 
specific hydrologic systems (Tucker and Wright, 1990), 
but these models did not take into consideration molecular 
kinetic barriers, including high hydration energy of the 
Mg2+ ion, low activity of CO3

2−, and ion complexation 
caused by sulfate (Nutman et al., 2010). On the other 
hand, microbial processes, such as dissimilatory sulfate 
reduction (Vasconcelos et al., 1995) and methanogenesis 
(Roberts et al., 2004), can help remove the kinetic barriers 
and promote dolomite precipitation on the time scale of 
several months to years. The abundance of stromatolites in 
the Weiji Formation means that organic matter was readily 
available  when  the  sediments  were  deposited  and 
dolomitization may be facilitated by microbial degradation 
of  organic  matters.  Therefore,  microbially  mediated 
ferroan  dolomite  precipitation  could  have  conceivably 
occurred in the sediments during early diagenesis. Ferroan 
dolomite precipitation requires Fe2+-rich fluids (Roberts et 
al.,  2004).  Therefore,  the  coexistence  of  ferroan/non-
ferroan  dolomite  crystals  and  ferroan/non-ferroan 
overgrowth  bands  indicates  fine-scale  fluctuations 
between iron-rich and iron-poor conditions. It is uncertain, 
however, whether such fluctuations registered only local 
pore-water redox conditions or they were also influenced 
by  changes  in  seawater  redox  conditions.  It  is  also 
uncertain  whether  the  fluctuations  reflect  spatial 
heterogeneity in redox conditions at μm–mm scales or 
temporal  dynamics  in  redox conditions  modulated  by 
diurnal photosynthesis-respiration cycles of stromatolites. 
Despite these uncertainties, early diagenetic dolomite in 
Precambrian carbonate successions appears to be an under
-explored archive for paleo-redox reconstructions and it 
complements  traditional  redox  proxies  such  as  bulk-
sample iron speciation data to understand fine-scale redox 
fluctuations in porewaters and seawaters. 
 
6 Conclusions 
 

In  this  study,  we  identified  three  different 
dolomitization patterns in stromatolitic carbonates from 
the Tonian Weiji Formation in the Huaibei area of North 
China. Based on petrographic and geochemical data, type I 
and type II dolomitization of dolomitic limestones may 
have occurred during early diagenesis, whereas type III 
dolomitization  of  stromatolitic  dolostones  was  likely 
related to  burial diagenetic or hydrothermal processes. 
Despite  an  early  diagenetic  origin  of  types  I  and  II 
dolomitization, the dolomitic limestones exhibit seawater 



Kang et al. / Early Diagenetic Dolomite as a Potential Archive of Paleo-redox Fluctuations      618 

REY  signatures,  including  LREE  depletion,  positive 
yttrium  anomalies,  the  lack  of  positive  europium 
anomalies,  and  relatively high Y/Ho ratios.  However, 
dolomitic  limestones also  show an MREE enrichment 
pattern, which is interpreted as evidence for interaction 
with the iron reduction zone near the water-sediment-
interface or even within the water column. The dolomitic 
limestones  do  not  show  any  negative  Ce  anomalies, 
indicating anoxic porewaters and perhaps anoxic bottom 
seawater in a shallow marine basin of the Tonian Period. 
Finally, the dolomitic limestones contain ferroan and non-
ferroan dolomite crystals, as well as ferroan/non-ferroan 
overgrowth  bands  in  dolomite  crystals,  which  may 
chronicle fine-scale redox fluctuations and complement 
traditional  redox  proxies  such  as  bulk-sample  iron 
speciation data.  This  study highlights early diagenetic 
dolomite  in  Precambrian  carbonate  successions  as  a 
potential  but  under-explored  archive  for  paleo-redox 
reconstructions. 
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