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ABSTRACT 19 

Berthierine and chamosite are iron-rich clay minerals that have similar chemical 20 

compositions. Berthierine forms at low temperature (25–45°C) during early diagenesis 21 

and may transfer to chamosite at temperatures of ≥70°C. Because the formation of 22 

berthierine and chamosite requires significant amount of Fe2+ supply, their presence in 23 
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marine sediments is often used as a mineral proxy for ferruginous conditions in porewater. 24 

Recent studies reveal that the Precambrian oceans were characterized by pervasive 25 

ferruginous water-column conditions that may favor the formation of iron-rich clay 26 

minerals like berthierine and chamosite. To evaluate if ferruginous water-column 27 

conditions in the Precambrian ocean played a role on iron-rich clay mineral formation, 28 

we conducted an integrated petrographic, mineralogical, and geochemical study on the 29 

chamosite- and glauconite-bearing strata of the Mesoproterozoic Xiamaling Formation 30 

(~1.40–1.35 Ga) in North China. Petrographic, XRD, SEM and EDS analyses show that 31 

the chamosites of the Xiamaling Formation was transferred from glauconite, with 32 

berthierine as an intermediate mineral phase during early diagenesis. Geochemical 33 

analyses indicate that a complete transformation from glauconite-dominated to 34 

chamosite-dominated end-members (samples) requires an addition of a large amount of 35 

Fe (16.9 wt%), Mg (2.4 wt%), and a small amount of Al (1.4 wt%), but a simultaneous 36 

release of Si (11.8 wt%) and K (6.0 wt%). Considering that the glauconite- and 37 

chamosite-bearing strata are devoid of iron-rich detrital minerals (e.g., biotite and iron 38 

oxides) and lack evidence of hydrothermal alteration, the required Fe2+ for 39 

glauconite-berthierine-chamosite transformation was most likely from Fe2+-rich 40 

(ferruginous) seawater, which may have promoted glauconite-berthierine transformation 41 

at the very early diagenetic stage when Fe2+ exchange between porewater and seawater 42 

was still available. This interpretation is consistent with the high FeHR/FeT (but low 43 

Fepy/FeHR), Fe/Al, and V/Al ratios from the hosting strata that support ferruginous 44 

depositional environments. Because most Precambrian strata have passed the oil window 45 

temperature (>50°C), the preservation of berthierine would be rare and chamosite should 46 
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be the representative iron-rich clay mineral. Thus, the abundance of chamosite in 47 

fine-grained, marine siliciclastic sediments may be used as a mineral indicator of 48 

ferruginous water-column conditions. 49 

Keywords: Glauconite; Berthierine; Chamosite; Seawater redox conditions; 50 

Mesoproterozoic; Xiamaling Formation 51 

 52 

INTRODUCTION 53 

Chamosite [(Fe2+,Mg,Al,Fe3+)6(Si4-x,Alx)O10(OH)8] is an Fe-rich chlorite with 2:1+1 54 

trioctahedral structures, and its presence in sedimentary rocks is commonly regarded as 55 

the result of berthierine transformation at temperature ≥70°C during diagenesis (Young 56 

and Taylor 1989; Velde 1995; Hornibrook and Longstaffe 1996; Kozłowska and 57 

Maliszewska 2015). Berthierine [(Fe2+,Mg,Al)2–3(Si,Al)2O5(OH)4], a dark green to brown 58 

mineral (Hornibrook and Longstaffe 1996), shares similar chemical composition with 59 

chamosite, but has a trioctahedral 1:1 layered silicate structure that has a basal spacing of 60 

0.7 nm (serpentine group) (Bhattacharyya 1983; Rivas-Sanchez et al. 2006). Berthierine 61 

is commonly considered to be characteristic of marine deposits (Taylor and Curtis 1995; 62 

Ryan and Hillier 2002; Taylor et al. 2002), although it was also reported from 63 

brackish-water deposits (Taylor 1990), coal beds (Iijima and Matosumoto 1982; Dai and 64 

Chou 2007; Zhao et al. 2016), laterites (Fritz and Toth 1997), and some hydrothermal 65 

deposits (Rivas-Sanchez et al. 2006). 66 

Berthierine in marine sediments and sedimentary rocks is commonly thought to be 67 

formed through diagenetic recrystallization of glauconite, odinite, kaolinite and iron 68 

oxide-hydroxide, or other similar precursor minerals (Odin et al. 1988; Drits et al. 2001; 69 
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Rivard et al. 2013; Fu et al. 2015; Kozłowska and Maliszewska 2015; Mu et al. 2015). 70 

Formation of berthierine requires warm seawater (Hornibrook and Longstaffe 1996) and 71 

reducing diagenetic conditions with limited sulfate reduction (i.e., ferruginous but not 72 

euxinic), because the crystallization of berthierine requires the incorporation of reduced 73 

iron (Fe2+) (Bhattacharyya 1983; Taylor 1990; Velde 1995; Fritz and Toth 1997; Sheldon 74 

and Retallack 2002; Worden and Morad 2003; Rivard et al. 2013). Chamosite, which has 75 

a Fe-rich berthierine precursor, would require similar chemical conditions to form, in 76 

addition to higher temperature requirement (≥70°C) through burial or hydrothermal 77 

processes. 78 

Previous studies mainly focused on the source of iron and pore-water redox 79 

conditions required for the formation of berthierine and chamosite (e.g., Odin et al. 1988; 80 

Velde 1995; Sheldon and Retallack 2002; Kozłowska and Maliszewska 2015). In most 81 

cases, iron-rich porewater (derived from iron-bearing freshwater) seems to be the 82 

required condition for berthierine precipitation during early diagenesis. However, the 83 

potential impacts of seawater chemistry on the formation of berthierine have not been 84 

adequately dealt with. This is particularly important for the berthierine and chamosite in 85 

stratigraphic successions of Precambrian ages, during which ferruginous seawater 86 

conditions may have prevailed even in shallow-water environments (e.g., Canfield et al. 87 

2008; Planavsky et al. 2011; Poulton and Canfield 2011; Tang et al. 2016). 88 

In this paper we report a comprehensive study of the chamosite and glauconite from 89 

the Mesoproterozoic Xiamaling Formation (1.40–1.35 Ga) of the North China Platform 90 

(Figs. 1 and 2), using integrated data obtained from field observations, petrography, XRD, 91 

SEM, quantitative EDS, XRF and ICP-MS analyses. Mineralogical, geochemical, and 92 
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textural results confirm that chamosite (and its precursor mineral, berthierine) is 93 

transformed from iron-poor glauconite [(K,Na)(Fe,Al,Mg)2(Si,Al)4O10(OH)2]. In 94 

combination with geochemical data from the hosting rocks, we demonstrate that Fe2+ 95 

supply from ferruginous seawater is critical for the formation of berthierine and 96 

chamosite (in later stage). We propose that the presence of Fe-rich clay minerals such as 97 

berthierine and chamosite in Precambrian stratigraphic successions may be used as an 98 

indicator for ferruginous seawater conditions. 99 

 100 

GEOLOGICAL SETTING 101 

Regional stratigraphy and age constraints 102 

In association with the breaking-up of supercontinent Columbia (Zhao et al. 2003, 103 

2004, 2011; Zhang et al. 2009, 2012, 2017) to the assembly of Rodinia (Li et al. 2008), 104 

the North China Platform accumulated a thick (~9000 m) sedimentary succession during 105 

the Proterozoic. This succession is subdivided into three groups (Fig. 2), i.e., the 106 

Changcheng Group (1660–1600 Ma, Pt1), Jixian Group (1600–1400 Ma, Pt2), and the 107 

Qingbaikou Group (1000–800 Ma, Pt3), with a significant hiatus of ~400 Ma between the 108 

Jixian and Qingbaikou groups (Gao et al. 2009). The deposition of the Chuanlinggou 109 

ironstone (~1.64 Ga) in the low part of the Changcheng Group marks a major change in 110 

depositional environment and tectonic setting of the North China Platform in response to 111 

the initial breakup of supercontinent Columbia (Tang et al. 2015). The widespread ~1.35 112 

Ga diabase sills and ~1.33 Ga bimodal magmatic rocks, shortly after the deposition of the 113 

Xiamaling Formation (~1.40–1.35 Ga), may record the final separation of the North 114 

China Craton (NCC) from supercontinent Columbia (Zhang et al. 2009, 2011, 2015, 115 
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2017). A significant uplift after the Qingbaikou Group, which is thought to have resulted 116 

from the formation of supercontinent Rodinia (Wang et al. 2000; Lu et al. 2008), exposed 117 

the Proterozoic basement of the NCC until mid Cambrian (Zhou et al. 2006). 118 

Paleomagnetic study suggests that during the deposition of the Xiamaling Formation, 119 

the uppermost part of the Jixian Group, the North China Platform lay between 10°N and 120 

30°N (Evans and Mitchell 2011; Zhang et al. 2012). Many studies suggested that the 121 

Xiamaling Formation was deposited in an extensional setting (Zhang et al. 2009, 2012, 122 

2017), though a back-arc setting was also suggested (Meng et al. 2011) based on a study 123 

of volcanic ash beds in the formation.  124 

In recent years, a number of zircon U–Pb ages (including ICP–MS, SHRIMP and 125 

TIMS methods) have been obtained from the Proterozoic succession of North China (Lu 126 

and Li 1991; Gao et al. 2007, 2008a, 2008b; Lu et al. 2008; Su et al. 2008, 2010, 2014; Li 127 

et al. 2010, 2013, 2014; Zhang et al. 2013, 2015; Duan et al. 2014), providing 128 

geochronologic constraints for the stratigraphic subdivisions (Fig. 2). Based on the 129 

high-precision zircon ages of 1384.4±1.4 Ma and 1392.2±1.0 Ma from the lower part 130 

(Zhang et al. 2015) and the zircon and baddeleyite ages of 1345±12 Ma and 1353±14 Ma 131 

from the diabase sills in the upper part (Zhang et al. 2009; Li et al. 2013; Su 2016), the 132 

duration of the Xiamaling Formation is well constrained between ~1.40 Ga and ~1.35 Ga. 133 

 134 

Sedimentary facies and depositional environments 135 

The Xiamaling Formation lies disconformably between the underlying Tieling 136 

Formation and the overlying Changlongshan Formation (Fig. 1). From the base to the top, 137 

the Xiamaling Formation forms a large transgressive-regressive cycle, predominated by 138 
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dark siltstone and shale that are subdivided into four members (Fig. 1). Member-I is 139 

predominated by gray to greenish silty shales, with some siltstone interbeds (Fig. 3a) and 140 

many siderite concretions (Fig. 3b). The lowermost part of this member is characterized 141 

by purplish gravely sandstone (Fig. 3c), particularly in the Zhaojiashan section, Hebei 142 

Province, which may represent lag deposits along a transgressive surface above an 143 

unconformity at the top of stromatolite-rich dolostones of the Tieling Formation. 144 

Member-II consists of four lithologically distinct intervals (Fig. 1): the lower part is 145 

characterized by greenish glauconite- and chamosite-rich, argillaceous siltstone, silty 146 

shale, and fine-grained sandstone; the lower middle part consists of interbedded green 147 

and purplish shales with ankerite-rich carbonate lenticles; the upper middle part is 148 

predominated by greenish, glauconite-rich shale; and the upper part comprise mainly gray 149 

to black, organic-rich shale with some carbonate concretions (Figs. 3d–g). Member-III is 150 

composed predominantly of black shale and partially silicified black shale (Fig. 3h), with 151 

some silty mudstone interbeds and a marly dolostone layer at the base. The lower part of 152 

Member-IV consists of alternating black and greenish shale, with some marly dolostone 153 

interbeds. The upper part of Member IV consists of a regressive sequence from shale to 154 

yellowish siltstone, which is unconformably overlain by medium-grained quartz 155 

sandstone of the Changlongshan Formation. 156 

The silty shale and argillaceous fine-grained sandstone in Member-I and -II show 157 

well-preserved horizontal laminations but wave-agitated structures or cross-beddings are 158 

absent, suggesting deposition from subtidal environments below fair-weather wave base. 159 

Black shales of Member-III and lower Member-IV were likely deposited in deep subtidal 160 

environments below storm wave base (>60 m) (Meng et al. 2011; Zhang et al. 2015, 161 
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2016). Organic matter preserved in the Xiamaling Formation is ranked as immature to 162 

early thermal mature, with burial temperatures of ≤90°C (Zhang et al. 2015). 163 

 164 

MATERIALS AND METHODS 165 

Samples analyzed in this study are from Member-I and -II of the Xiamaling 166 

Formation and were collected from a freshly exposed road cut at the Zhaojiashan section 167 

(N: 40°28'27.40", E: 115°23'30.78"), Hebei Province (Fig. 1). Collected samples were cut 168 

into chips and only the fresh, central parts of the samples are used for thin section and 169 

mineralogical/geochemical analyses. For the latter purpose, fresh sample chips were 170 

cleaned, dried, and grounded into powders (~200 mesh) in agate mortar to avoid any 171 

metal contact. Samples with well-preserved glauconite and chamosite were selected for 172 

microscope and SEM observations, and for mineral (XRD) and chemical (EDS and trace 173 

element) analyses. Macroscopic features were observed in the field and on polished slabs. 174 

Microfabrics were observed on thin sections with a Stereo Discovery V20 microscope for 175 

large scope and a Zeiss Axio Scope A1 microscope for high magnification. 176 

Ultrastructures were studied using a Zeiss Supra 55 field emission scanning electron 177 

microscope (FESEM) under 20 kV accelerating voltage with a working distance of 15 178 

mm, at the State Key Laboratory of Biology and Environmental Geology, China 179 

University of Geosciences (Beijing). Secondary electron imaging detector (SE2) was 180 

used to characterize topographic features, and an AsB detector was used to characterize 181 

compositional difference (backscattered electron, BSE, image). Samples were coated 182 

with ~10-nm-thick platinum for electric conduction before analysis. 183 

Quantitative element concentrations of micron-sized spots were analyzed by an 184 
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Oxford energy dispersive X-ray spectrometer (EDS) connected to the FESEM, operated 185 

at 20 kV with a working distance of 15 mm, specimen current of 200 nA, and beam 186 

diameter of ~1 μm, at the State Key Laboratory of Biogeology and Environmental 187 

Geology, China University of Geosciences (Beijing). Minerals as well as synthetic phases 188 

(MINM25-53) were used as standards. Duplicate analyses of individual points showed 189 

analytical error less than 1%. 190 

Trace metals and major elements were measured with a handheld energy dispersive 191 

XRF spectrometer (HHXRF) model Xsort with Rh anode from Spectro. The X-ray 192 

absorption was identified with the Spectro software where fundamental parameters were 193 

used to convert counts to concentrations by calibration to a standardized metal alloy coin 194 

with known trace element composition (supplied by manufacturer). Powdered rock 195 

samples in vials were covered with 4-μm-thick polypropylene X-ray film and measured 196 

upside down in the XRF stand. Powder thickness was generally >5 mm to achieve 197 

optimal noise normalization. The counts were made for 120s on 10-KHz beam and 60s 198 

on 40-KHz beam, for a total of 3 min. A certified reference material (GBW07107) was 199 

measured after every five samples, and the relative SD for all of the analyzed major 200 

elements was generally <8%, and the relative SD for V was <10%.  201 

Three bulk rock samples (random power) and 26 purified clay mineral samples 202 

(oriented power) were chosen for XRD analysis. Purified clay mineral samples were 203 

separated from 200-mesh powders of bulk rock through sedimentation and centrifuge. 204 

Oriented powder aggregates were made by concentrating 50–100 mg of clay in distilled 205 

water and letting the clay slurry drop onto glass slides (2.7 × 4.6 cm). The samples were 206 

scanned after air-drying and ethylene glycol-solvated. The powder slides were scanned 207 
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from 4° to 70° with a step size of 0.02° 2θ and a scan speed of 1°/min, using nickel filter 208 

copper radiation in an SmartLab X-Ray Diffractometer at China University of 209 

Geosciences (Beijing). 210 

Interstratification of 7 Å (berthierine) layers and 14 Å (chamosite) layers can be 211 

difficult to detect because d001Chamosite (Ch) ≈ 2d001Berthierine (Ber), and Ber peaks 212 

essentially overlap with even-order Ch peaks. However, random interstratification of Ber 213 

and Ch causes broadening of the odd-order Ch peaks proportional to the amount of 7 Å 214 

material, making Ber-Ch interstratification identifiable and quantifiable (Reynolds et al. 215 

1992; Ryan and Reynolds Jr 1996). The percentage of Ber can be determined by the 216 

equation: 217 

%Ber = –0.51 + 24*(β(005)1.25 – β(004)1.25)(1/1.25), 218 

where β(004) and β(005) are the peak widths at one-half height (in degrees 2Theta) for 219 

the Ch 004 and 005 peaks, respectively. The results are within ~95% accuracy of the 220 

reported value (Ryan and Reynolds Jr 1996). 221 

To determine polytypism of Ber-Ch, random powder mounts were prepared by 222 

freeze-drying solutions of approximately 1 g of powder in 50–100 mL of distilled water 223 

(Ryan and Reynolds Jr 1996). Ber-Ch polytypes were identified by comparison with 224 

published patterns (Ryan and Reynolds Jr 1996). The Ibb polytype has its (204) and (206) 225 

peaks at ~42°and ~51° 2Theta, respectively, while the Iaa polytype has its (204) and 226 

(206) peaks at ~45° and ~55° 2Theta, respectively (Ryan and Reynolds Jr 1996). 227 

Three representative samples were selected for TEM observation to identify Ber-Ch 228 

interstratification. Samples for TEM analyses were separated from 200-mesh sample 229 

powders through sedimentation and centrifuge. The collected clay powders were placed 230 
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in an agate bowl which has been ultrasonically cleaned in deionized water. Anhydrous 231 

ethanol was added to the agate bowl and milled for 5 minutes. The sample was dropped 232 

into a copper mesh before the ethanol was completely volatilized and was dried under an 233 

infrared lamp for 4 hours. The sample on the copper mesh was analyzed using a Hitachi 234 

H-8100 TEM, equipped with a tungsten filament electron source (operated at 200 kV), 235 

and an EDAX X-ray analyzer with an ultrathin window. 236 

The redox conditions of the depositional environments are determined by the Fe 237 

speciation. The highly reactive Fe (FeHR) is broadly apportioned into four different pools 238 

(FeHR = Fecarb + Feox + Femag + Fepy): carbonate Fe (Fecarb), oxide Fe (Feox), magnetite Fe 239 

(Femag) and pyrite Fe (Fepy) (Poulton and Canfield 2005; Poulton and Canfield 2011). 240 

Fecarb was extracted from iron carbonate minerals with sodium acetate solution adjusted 241 

to pH=4.5 by addition of trace-metal grade acetic acid; Feox was extracted from iron 242 

oxide/oxyhydroxide phase using a 50 g/L sodium dithionite solution buffered to pH=4.8 243 

with 0.2 M sodium citrate and trace-metal grade acetic acid; Femag was extracted from 244 

magnetite by a 0.2 M ammonium oxalate and 0.17 M oxalic acid solution. All extracts 245 

were diluted and then analyzed by atomic absorption spectroscopy for their Fe contents at 246 

the Institute of Geology and Geophysics, Chinese Academy of Sciences. Fepy was 247 

calculated by stoichiometry from Cr-reduction of pyrite (Canfield et al. 1986). FeT was 248 

analyzed by automatic X-ray fluorescence spectrometer (XRF-1800) on fused glass disks 249 

at the China University of Geosciences (Beijing).  250 

 251 

RESULTS 252 

Features of glauconite and chamosite 253 
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Occurrence of glauconite and chamosite. Glauconite and chamosite are rich in 254 

silty shale, siltstone and argillaceous fine-grained sandstone of Member-I and -II of the 255 

Xiamaling Formation (Fig. 1). Microscopic observation confirms that these two members 256 

are dominated by silty shale and argillaceous fine-grained sandstone without 257 

wave-agitated structures, but some horizontal microbial mat laminations can be observed 258 

(Fig. 4a). Glauconite is green in color and occurs in two distinct forms: (1) autochthonous 259 

(Figs. 4b and 4c), and (2) allochthonous (Fig. 4d). Autochthonous glauconite appears as 260 

pore cement with irregular outlines, occasionally trapping quartz particles (Fig. 4b). 261 

Allochthonous glauconite particles have subrounded–subangular shapes (Fig. 4d) that are 262 

morphologically similar to detrital quartz particles. They are probably originated from 263 

autochthonous glauconite through short distance transportation. Compactional distortion 264 

of some allochthonous glauconite particles can be observed (Fig. 4d). BSE and element 265 

mapping show that both autochthonous and allochthonous glauconites have been partially 266 

transformed to chamosite. In some chamosite-rich samples, the outline of parent 267 

glauconite particles can still be identified, indicating the transformation from glauconite 268 

to chamosite (Fig. 4e). Chamosite is yellowish brown in color, and is mainly formed 269 

through in situ transformation from glauconite particles (Fig. 4e).  270 

Substrates of glauconite and chamosite. In both glauconite- and chamosite-rich 271 

samples, quartz particles are the predominant substrate (Figs. 4f–h). Pyrite, rutile and 272 

albite are minor; terrigenous iron-rich minerals, such as biotite, are absent (further 273 

supported by XRD results). Quartz particles are subrounded to subangular in shape and 274 

can be further divided into phaneritric quartz and aphanitic chert particles; the latter is the 275 

predominant form (Figs. 4f–h). 276 
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Mineralogy of glauconite and chamosite. Three bulk rock samples (random power; 277 

Fig. 5a) and twenty-six purified clay mineral samples (oriented power; Figs. 5b–d) were 278 

analyzed. On the XRD pattern, berthierine is a mineral characterized by an intense 279 

reflection (001) at 0.705 nm, and two reflections (020) and (002) of lesser intensity at 280 

0.466 nm and 0.352 nm, respectively. In contrast, high-iron chlorites (e.g. chamosite) are 281 

characterized by the presence of strong reflections of (002) and (004) at 0.709 and 0.353 282 

nm, respectively, and relatively weak reflections of (001), (003) and (005) at 1.425, 0.473 283 

and 0.284 nm, respectively (Kozłowska and Maliszewska 2015). The air-dried bulk rock 284 

samples exhibit strong reflections at 0.709 nm and 0.354 nm, and relatively weak 285 

reflections at 1.429, 0.474 and 0.284 nm, confirming the presence of chamosite, while the 286 

weak reflection at 0.466 nm probably indicates the occurrence of minor berthierine 287 

(Kozłowska and Maliszewska 2015). The intense basal reflection (001) at 1.014 nm 288 

d-spacing and weak basal reflections (003) at 0.33 nm, (004) at 0.25 nm, (005) at 0.20 nm, 289 

(11⎯2) at 0.366 nm and (112) at 0.308 nm d-spacing are the characteristic peaks of 290 

glauconite (Fig. 5). The weak basal reflections (040) at 0.32 nm, (⎯3⎯11) at 0.27 nm, 291 

(5⎯1⎯3) at 0.16 nm d-spacing are the characteristic peaks of anorthose (~5%, Fig. 5a), 292 

and the weak reflection (020) at 0.447 nm is the characteristic peak of kaolinite (Fig. 5). 293 

The three air-dried bulk rock samples exhibit intense quartz peaks (~60 wt%) but weak 294 

glauconite (about 5–15 wt%), chamosite (about 10–25 wt%) and berthierine peaks in the 295 

XRD spectrum (Fig. 5a). Signals of glauconite and chamosite in the three samples are 296 

variable, suggesting varied chamosite and glauconite contents (Fig. 5a). 297 

Purified clay mineral samples show much stronger signals of glauconite, chamosite 298 

and berthierine, but weaker signals of quartz than those in bulk rocks (Figs. 5b–d). In 299 
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Figs. 5b–d the intensities of basal reflection (001) of glauconite and chamosite vary, 300 

indicating variable chamosite and glauconite contents in different samples, similar to 301 

those of bulk rock samples. 302 

The interstratifications of berthierine in chamosite have been confirmed by TEM 303 

observation and calculation (Fig. 5e and f) using the method suggested by Ryan and 304 

Reynolds Jr (1996). The result shows that the contents of berthierine are low (%Ber = 4.0 305 

± 2.0%). The polytypes were also analyzed based on the method introduced by Ryan and 306 

Reynolds Jr (1996), and it shows that the polytypes of the Xiamaling Ber-Ch are Ibb 307 

rather than Iaa. Ten glauconite-rich samples were ethylene glycol saturated and analyzed 308 

using XRD. The result shows that there is no shift in characteristic peaks of glauconite 309 

when treated with ethyl glycol, indicating that the expandable layers are negligible in the 310 

glauconite. 311 

 312 

Transformation of glauconite to chamosite 313 

Geochemical composition of bulk rocks. The major and trace elements of 26 bulk 314 

rock samples were analyzed using HHXRF, and the results were presented in Table S1 315 

and shown in Fig. 6. Samples have high TFe2O3 concentrations of 5.41–24.12 wt% (avg. 316 

17.45 wt%), which are much higher than that of PAAS (7.22 wt%, McLennan 2001) and 317 

close to that of Phanerozoic ironstones (e.g., Sturesson 2003), but they have relatively 318 

lower Al2O3 concentration of 8.56–16.18 wt% (avg. 11.30 wt%) than that of PAAS (18.90 319 

wt%, McLennan 2001). Consequently, samples have high Fe/Al ratios of 0.61–3.31 (avg. 320 

2.05), which is higher than those of the euxinic sediments in modern anoxic basins 321 

(Raiswell and Canfield 2012). Samples are rich in V concentration (62–491 μg/g, avg. 322 



 15 / 41 
 

353 μg/g) and V/Al (ppm/wt%) ratio (10–81, avg. 60), higher than those of PAAS (140 323 

μg/g and 14, respectively). There is a clear positive correlation between V/Al and Fe/Al 324 

(Fig. 6c). 325 

There are apparent negative correlation (R2 = 0.66) between K2O and TFe2O3, and 326 

positive correlation (R2 = 0.81) between MgO and TFe2O3 (Figs. 6a and 6b). These 327 

compositional relationships reflect the proportional amount of glauconite and chamosite 328 

in the samples: glauconite has higher K2O, lower TFe2O3 and MgO contents than 329 

chamosite. Increase of V/Al, TFe2O3 and MgO contents and decrease of K2O correspond 330 

to the increase of chamosite but decrease of glauconite in the samples (Figs. 6d–f), which 331 

are consistent with the microscopic observation (Fig. 7) and XRD results (Figs. 5b–d). 332 

Microscopic features and redox-sensitive elements. In samples with low V/Al 333 

ratios, autochthonous glauconite is abundant and chamosite is minor (Fig. 7a). In samples 334 

with higher V/Al ratios, more glauconite is seen to have transformed into chamosite (Figs. 335 

7b–e). In samples with highest V/Al ratios, almost all glauconite was transformed into 336 

chamosite (Fig. 7f). 337 

Chemical composition variations of glauconite and chamosite. Quantitative EDS 338 

was used to determine the major element compositions of glauconite and chamosite. The 339 

results of 279 points are shown in Table S2 and illustrated in Fig. 8. A mixing line with 340 

glauconite and chamosite as end members can be distinguished. It has been reported that, 341 

in general, Precambrian glauconite has high K2O content (Banerjee et al. 2016). 342 

Therefore, particles that have K2O > 7.0 wt% were identified as the glauconite 343 

end-member (n = 15), while particles that have K2O = 0.0 wt% were assigned to 344 

chamosite end-member (n = 36). Particles that have K2O contents of >0.0% but <7.0‰ (n 345 
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= 231) are considered as mixtures of glauconite and chamosite. 346 

The glauconite end-member has higher K2O and SiO2, lower TFe2O3 and MgO 347 

concentrations, and slightly lower Al2O3 concentrations than those of the chamosite 348 

end-member (Table S2, Fig. 8). The average concentrations of K2O, SiO2, TFe2O3, MgO, 349 

and Al2O3 are 7.21 wt% (7.01–7.58 wt%), 51.98 wt% (49.05–56.18 wt%), 15.04 wt% 350 

(11.31–16.44 wt%), 2.91 wt% (2.36–3.48 wt%), and 18.39 wt% (15.94–20.27) wt%, 351 

respectively; while those of the chamosite end-member are 0.00 wt%, 26.70 wt% 352 

(24.72–28.81 wt%), 39.13 wt% (37.95–40.59 wt%), 6.94 wt% (5.97–8.34 wt%), and 353 

21.12 wt% (19.39–22.54) wt%, respectively. Particles with compositions between the 354 

glauconite and chamosite end-members along the mixing line record partial 355 

transformation of glauconite to chamosite (Fig. 8). A simple calculation shows that the 356 

complete transformation of glauconite to chamosite requires the addition of 16.86 wt% 357 

Fe, 2.41 wt% Mg, and 1.45 wt% Al, and the loss of 11.80 wt% Si and 5.98 wt% K (Fig. 358 

8).  359 

Damyanov and Vassileva (2001) proposed that Mg/Fe vs. Al/Si ratio of berthierines 360 

is a sensitive indicator of their geological settings. Given that chamosites were 361 

transformed from berthierines under higher temperature without obvious compositional 362 

change, we used the Mg/Fe–Al/Si cross plot to differentiate the geological setting of 363 

chamosites. The Mg/Fe and Al/Si ratios of the examined chamosites are 0.13–0.19 and 364 

0.82–0.96 (Table S2), respectively, and most of them fall into the field of marine setting 365 

rather than hydrothermal origin or laterite/bauxite (Fig. 9). 366 

Ultrastructures and element mapping results. BSE images (Fig. 10) and element 367 

mappings (Fig. 11) provide further evidence for the transformation of glauconite to 368 
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chamosite. In BSE images, light gray chamosite is distinguishable from gray glauconite 369 

and dark gray quartz (Figs. 10a). The glauconite-chamosite transformation is evident by 370 

their morphological relationships: (1) light gray chamosite exists as veins irregularly 371 

interspersed into glauconite particles (Figs. 10a–c); (2) light gray chamosite appears as 372 

nets intertwined with gray glauconite (Fig. 10d); and (3) light gray chamosite occurs as 373 

thin layers interbedded with gray glauconite layers (Figs. 10e and 10f). Newly formed 374 

chamosite shares the same flakes with glauconite relics or parallel to the glauconite layers 375 

(Figs. 10e and 10f). The degree of chamosite replacement varies significantly. In some 376 

samples residual glauconite co-exists with newly formed chamosite (Figs. 10a–f), while 377 

in others chamosite almost completely replaced glauconite (Fig. 10g). Independent of the 378 

degree of transformation, newly formed quartz commonly surrounds the original 379 

glauconite particles or pseudomorphs (Figs. 10a, 10d and 10g). 380 

Element mapping also demonstrates the transformation of glauconite to chamosite 381 

and partial quartz replacement. Due to its higher Fe but lower K and Si contents, 382 

chamosite shows lighter color in the Fe element mapping and darker color in the K and Si 383 

element mappings (Fig. 11). Quartz has the highest Si content and thus displays the 384 

lightest color in element mappings. 385 

 386 

Iron speciation 387 

All together 10 samples (two mudstone, six clay-rich siltstone, and two clay-rich 388 

fine sandstone) were chosen for iron speciation analysis, and the result is shown in Table 389 

S3 and Fig. 12. All the samples have Fepy/FeHR ratios significantly lower than 0.70 (close 390 

to 0), but FeHR/FeT ratios ranging from 0.57 to 0.87 (>0.38), indicating ferruginous but 391 
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not euxinic redox conditions. 392 

 393 

DISCUSSIONS 394 

Redox conditions of the depositional environments 395 

To determine the redox conditions of the depositional environments, the iron 396 

speciation, FeT/Al ratios, and V/Al ratios of chamosite-bearing shales, silty mudstone, 397 

clay-rich siltstone, and clay-rich fine sandstone were measured. We realized that using 398 

such redox proxies in siltstone and fine-grained sandstone should be cautious because 399 

detrital iron oxides may obscure seawater Fe signature. Petrographic and SEM 400 

observations of the analyzed samples demonstrate that detrital components are dominated 401 

by quartz, and no iron oxides or oxide pseudomorphs are observed. Thus, we consider 402 

that the potential influence from detrital iron oxides, if existed, would be minor. 403 

All analyzed samples have FeHR/FeT > 0.38, indicating ferruginous conditions 404 

(Raiswell and Canfield 1998; Canfield et al. 2008). However, Fepy/FeHR values of all 405 

samples are close to zero (≤0.1; Fig. 12), indicating sulfide deficiency in the depositional 406 

environments. Except for two samples that have Fe/Al ratios of 0.62 and 0.96, all the 407 

other samples have Fe/Al ratios > 1.0, which are significantly higher than the average 408 

value of 0.54±0.11 from Phanerozoic siliciclastic rocks (Raiswell et al. 2008; Clarkson et 409 

al. 2014). This is consistent with Fe-rich anoxic environments (Lyons et al. 2003; 410 

Clarkson et al. 2014). Under anoxic environments, V enrichments are expected due to the 411 

reduction of vanadyl species (Emerson and Huested 1991; Piper and Calvert 2009; Zhang 412 

et al. 2016). Except for one sample that has the V/Al ratio close to that of PAAS 413 

([V/Al]PAAS ≈ 14 ppm/wt%), most samples have V/Al ratios of >50 ppm/wt% (Table S1), 414 



 19 / 41 
 

indicating significant V enrichments in anoxic environments. Collectively, FeHR/FeT, 415 

Fe/Al, and V/Al ratios all support anoxic and ferruginous conditions during the 416 

deposition of the chamosite-bearing strata (Member-I and -II of the Xiamaling 417 

Formation). The lack of Cu/Al, Ni/Al, Zn/Al and Ba/Al anomalies suggests that the 418 

ferruginous conditions were not driven by local increase of primary productivity (e.g., 419 

Tribovillard et al. 2006) that could have used up oxygen and sulfate. Instead, it may 420 

reflect the background seawater redox condition of the Mesoproterozoic ocean, in which 421 

ferruginous conditions prevailed in response to low atmosphere oxygen (e.g., Canfield et 422 

al. 2008; Planavsky et al. 2011, 2014; Poulton and Canfield 2011; Tang et al. 2016). 423 

Facies analyses suggested that the upper Member-I and Member-II of the Xiamaling 424 

Formation were mainly deposited in subtidal environments below fair-weather wave base, 425 

but likely above storm-weather wave base (Gao et al. 2008a; Su et al. 2008). If so, it may 426 

imply that, during the deposition of the chamosite-bearing strata, the redoxcline was 427 

possibly shallow and close to the fair-weather wave base.  428 

 429 

Glauconite-chamosite transformation models 430 

Berthierine (chamosite) can be formed through diagenetic recrystallization of many 431 

different precursors, such as glauconite, odinite, kaolinite and iron-oxide (hydroxide), or 432 

others in marine-influenced environments (Odin et al. 1988; Drits et al. 2001; Fu et al. 433 

2015; Kozłowska and Maliszewska 2015; Mu et al. 2015). In this study, microscopic 434 

observation, SEM, EDS and XRD results all indicate that chamosite was transformed 435 

from glauconite. Morphologically, the transformation from glauconite to chamosite did 436 

not change the size and shape of the original glauconite particles (Fig. 4e) and the newly 437 
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formed chamosite shares the flakes with glauconite relics or parallels to the glauconite 438 

layers (Figs. 10e and 10f). This implies that the glauconite-chamosite phase 439 

transformation was not accompanied by intense dissolution and growth of crystals from 440 

fluids (e.g., Mu et al. 2015). Such morphological features seem to support mainly 441 

solid-state formation of chamosite crystallites from glauconite (e.g., Drits et al. 2001), 442 

although partial dissolution and precipitation are permitted at immediate stages of the 443 

transformation. Geochemically, a complete transformation of glauconite to chamosite 444 

requires not only the addition of significant amounts of Fe2+ and Mg2+ and a lesser 445 

amount of Al3+, but also a simultaneous release of a large amount of Si and K (Figs. 6 and 446 

8). 447 

There are currently two models for the transformation of glauconite to chamosite. 448 

One model emphasizes that glauconite transforms to chamosite without an intermediate, 449 

and the other suggests that glauconite first transforms to berthierine and then to 450 

chamosite during deeper burial (Drits et al. 2001). The first model requires a high 451 

transformation temperature (>175°C, Drits et al. 2001), which seems to contradict with 452 

the low temperature estimation (≤90°C) for the Xiamaling shales based on the thermal 453 

maturity of organic matter (Zhang et al. 2016). In addition, at burial depths reaching a 454 

temperature of >175°C, porewater Fe2+ and Mg2+ would not be available. Unless there 455 

were significant external Fe2+ and Mg2+ inputs from formation fluids or hydrothermal 456 

fluids, a direct transformation from glauconite to chamosite requires Fe2+ and Mg2+ 457 

sources from iron-rich minerals adjacent to glauconite particles, which has not been 458 

observed in our samples. Hydrothermal alteration is not supported by the lack of bedding 459 

disruption in glauconite-chamosite rich layers and by elevated Mg/Fe ratios higher than 460 
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those of hydrothermal chamosite (Fig. 9).  461 

The presence of 4.0±2.0% interstratification of berthierine in chamosite (Fig. 5e) 462 

supports the second model that involves a berthierine intermediate during 463 

glauconite-chamosite transformation (Drits et al. 2001). Berthierine is a low temperature 464 

mineral that forms at 25–45°C (Hornibrook and Longstaffe 1996) during early diagenesis, 465 

when ion exchange between porewater and seawater is still available. The required Fe2+ 466 

and Mg2+ for transformation from glauconite to berthierine could be readily supplied by 467 

ferruginous seawater at or near the seawater/sediment interface. Subsequent transfer from 468 

berthierine to chamosite at higher temperature (≥70°C) does not involve much 469 

compositional change. Since the glauconite-berthierine transformation temperature is low 470 

(≤45°C), only minor berthierine can be retained during deeper burial (Fig. 5; Hornibrook 471 

and Longstaffe 1996). 472 

To maintain a fixed volume from glauconite to berthierine, two processes may have 473 

involved. The first process involves the removal of interlayer cations and one tetrahedral 474 

sheet of the 2:1 layer, and the occupation of vacant octahedra by Mg2+ and Fe2+ cations 475 

adsorbed from porewater (Fig. 13a). However, such a process would result in significant 476 

decrease in crystal volume. Thus, it requires the second process: the removal of interlayer 477 

cations is accompanied by the inversion of upper terahedral sheets of 2:1 layers, which, 478 

together with Mg2+ and Fe2+ cations extracted from solution, produce berthierine layers. 479 

Such a reaction would result in the substitution of a 2:1 layer by two 1:1 layers (Fig. 13b), 480 

increasing the volume of the primary crystallites. The subsequent transfer from 481 

berthierine to chamosite at higher temperature is proceeded with solid-state 482 

transformation by the inversion of tetrahedral sheets of the even 1:1 layers (Fig. 13c). The 483 
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incompleteness of this process results in the remaining of minor berthierine (Figs. 5e and 484 

f). 485 

 486 

Environmental control on glauconite-chamosite transformation 487 

Compared with Phanerozoic glauconite that has high TFe2O3 content (commonly > 488 

20 wt%), most Precambrian glauconies have low TFe2O3 contents (commonly < 15 wt%; 489 

Banerjee et al. 2015, 2016), which was possibly controlled by weakly oxygenated 490 

Precambrian seawater and the dioctahedral structure of glauconite (Tang et al. 2017). In 491 

this study the average Fe content of the glauconite end-member is 10.53 wt%, while the 492 

average Fe content of the chamosite end-member is 27.39 wt% (Fig. 8). That means that 493 

a significant amount of Fe is needed during the glauconite-chamosite transformation. 494 

Potential Fe sources may include iron-bearing freshwater (Odin and Matter 1981; 495 

Kozłowska and Maliszewska 2015), hydrothermal fluids, iron-rich detrital minerals (e.g., 496 

iron oxides and biotite), or Fe-rich seawater. The Fe source from freshwater can be 497 

excluded, because freshwater commonly contains less Mg2+ and K+ in comparison with 498 

seawater, which is not favored for glauconite formation. The Fe source from 499 

hydrothermal fluids can also be excluded, because the glauconite- and chamosite-bearing 500 

layers are thick (~20 m) and spatially stable in the Xiamaling Formation across the North 501 

China Platform, from which no nearby intrusive rocks or hydrothermal fluid conduits 502 

have been observed. Thin, laterally discontinuous diabases are indeed locally present in 503 

the Xiamaling Formation, but they are mainly concentrated in shales (Fig. 1a) from 504 

which no chamosite is found. In the Mg/Fe–Al/Si cross plot, almost all chamosites fall 505 

into the area of marine origin (Fig. 9). In all the studied samples, detrital Fe-rich minerals 506 



 23 / 41 
 

such as biotite and iron oxides are rare and the Fe2O3 contents are independent of Al2O3 507 

(Table S1). Therefore, Fe-rich detrital minerals seem not to be a significant Fe source.  508 

Because the glauconite-chamosite transformation requires Fe2+, rather than Fe3+, the 509 

most likely Fe2+ source would be ferruginous seawater. During early diagenesis when 510 

porewater and ferruginous seawater are exchangeable or partially exchangeable, Fe2+ 511 

supply is unlimited, providing sufficient Fe2+ needed for the transformation of glauconite 512 

to berthierine, which further changes to chamosite during deeper burial (Drits et al. 2001). 513 

This is consistent with the ferruginous water-column conditions suggested by Fe 514 

speciation, Fe/Al ratios and V/Al ratios. Thus, from the viewpoint of mineralogy, the 515 

presence of abundant chamosite (or berthierine) in sedimentary successions may be used 516 

as an indicator for ferruginous seawater, if the other sources of Fe can be excluded.  517 

 518 

IMPLICATIONS 519 

Integrated petrographic, mineralogical, and geochemical study of the Fe-rich clay 520 

minerals (glauconite, berthierine, and chamosite) from the Mesoproterozoic Xiamaling 521 

Formation (~1.40–1.35 Ga) reveals information about the paleoenvironmental control on 522 

clay mineral transformation. Chamosites from the Xiamaling Formation either mimic the 523 

outlines of glauconite particles or partially replace glauconite, indicating 524 

glauconite-chamosite mineral transformation. The low thermal maturity of organic matter 525 

from hosting rocks (≤90°C) and the presence, although rare, of berthierine relics suggest 526 

that the glauconite-chamosite transformation was proceeded with an intermediate 527 

berthierine mineral phase. The compositional change mainly happened during the 528 

glauconite-berthierine transformation at low temperature (25–45°C); subsequent transfer 529 
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from berthierine to chamosite at higher temperature (≥70°C) does not involve much 530 

compositional change. 531 

The mineral transformation from glauconite to berthierine requires constant Fe2+ 532 

supply from iron-bearing freshwater, hydrothermal fluids, iron-rich detrital minerals, or 533 

iron-rich seawater. The presence of glauconite (not favorable for freshwater), the absence 534 

of detrital Fe-rich minerals (e.g., biotite and iron oxides) in studied samples, and the lack 535 

of evidence for hydrothermal alteration in the hosting strata suggest that the required Fe2+ 536 

may have been from Fe2+-rich (ferruginous) seawater, which could have promoted 537 

glauconite-berthierine transformation at the very early diagenetic stage when Fe2+ 538 

exchange between pore-water and seawater was still available. This is consistent with the 539 

high FeHR/FeT (but low Fepy/FeHR), Fe/Al, and V/Al ratios from the hosting strata that 540 

support ferruginous depositional environments. Thus, the abundance of berthierine (or 541 

chamosite in deeper burial) in fine-grained, marine siliciclastic sediments may be used as 542 

a mineral indicator of ferruginous water-column conditions, if the other sources of Fe can 543 

be excluded. 544 
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 799 

FIGURE CAPTIONS 800 

Figure 1. (a) Stratigraphic succession of the Xiamaling Formation at Zhaojiashan, 801 

Huailai, Hebei Province. (b) Major tectonic subdivisions of China. The box shows the 802 

area illustrated in Fig. 1c. (c) Mesoproterozoic paleogeographic map of the central North 803 

China platform, modified after Wang et al. (1985). (d) Simplified geological map of the 804 

study area, modified after Ma et al. (2002).  805 



 36 / 41 
 

 806 

Figure 2. Lithostratigraphic subdivisions of the Proterozoic succession in the North 807 

China platform and their age constraints (Age data adopted from Lu and Li 1991; Gao et 808 

al. 2008a, 2008b; Lu et al. 2008; Su et al. 2008, 2010; Li et al. 2010, 2014; Zhang et al. 809 

2013, 2015; Duan et al. 2014; Tian et al. 2015). 810 

 811 

Figure 3. Field photographs showing major depositional facies of the Xiamaling 812 

Formation. (a) Gray to greenish silty shale interbedded with argillaceous siltstone in 813 

Member-I of the Xiamaling Formation. (b) Siderite-concretion in silty shale of Member-I 814 

of the Xiamaling Formation. (c) Gravely muddy sandstone at the basal Xiamaling 815 

Formation. (d) Greenish siltstone–argillaceous sandstone in Member-II of the Xiamaling 816 

Formation. (e) Close view of the greenish siltstone–argillaceous sandstone in Member-II 817 

of the Xiamaling Formation. (f) Purplish shale alternated with greenish shale and light 818 

colored ankerite-rich carbonate lenticles in Member-II of the Xiamaling Formation. (g) 819 

Greenish shale with purplish shale interbeds in Member-II of the Xiamaling Formation. 820 

(h) Black shale in Member-III of the Xiamaling Formation. 821 

 822 

Figure 4. Photomicrographs showing microfacies and occurrences of glauconite and 823 

chamosite in the Xiamaling Formation. (a) Glauconite- and chamosite-bearing siltstone. 824 

(b) Glauconite-bearing argillaceous sandstone, showing autochthonous glauconite (green, 825 

partially transformed into chamosite) with irregular outlines. (c) Photomicrograph with 826 

high magnification, showing autochthonous glauconite with irregular outlines. (d) Green 827 

glauconite-rich particle with obvious diagenetic compaction, while yellowish-green 828 
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chamosite-rich particles without perceptible diagenetic compaction. (e) Subrounded 829 

chamosite (arrows) with some glauconite relics. (f and g) Photomicrographs under plain 830 

(f) and cross polarized (g) light, showing autochthonous glauconite-bearing sandstone 831 

composed mainly of chert, quartz and glauconite, and minor pyrite. (h) Photomicrographs 832 

under cross polarized light, showing autochthonous chamosite-bearing sandstone 833 

composed mainly of chert, quartz and chamosite. 834 

 835 

Figure 5. X-ray pattern of bulk rocks and purified clay minerals. (a) Three X-ray patterns 836 

of selected samples with varied chamosite and glauconite contents, indicated by their 837 

different basal reflection (001) intensities of chamosite (1.429 nm) and glauconite (1.014 838 

nm). (b–d) X-ray patterns of purified clay minerals, showing increasing basal reflection 839 

(001) intensities of chamosite while decreasing basal reflection (001) intensities of 840 

glauconite from Fig. 5b to Fig. 5d; minor berthierine (basal reflection at 0.466 nm) and 841 

kaolinite (basal reflection at 0.447 nm) are identifiable. (e) The 004 and 005 peaks of 842 

Berthierine-Chamosite. (f) Randomly oriented XRD patterns of Ibb-Iaa polytypes 843 

showing obvious Ibb (204) peak but negligible Ibb (204) peak. (g) TEM images of 844 

berthierine-chamosite interstratification showing lattice fringes with ~0.70 nm and ~1.40 845 

nm periodicities, respectively. (h) XRD result of air dried and glycol saturated sample, 846 

showing that there is no shift of characteristic peaks of glauconite when treated with ethyl 847 

glycol. C (Ch) = chamosite, G = glauconite, B (Ber) = berthierine, K = kaolinite, Q = 848 

quartz, A = albite.  849 

 850 

Figure 6. Bulk rock element compositions of glauconite- and chamosite-bearing samples. 851 
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The relative abundance of chamosite and glauconite in these samples is determined by 852 

petrographic observations as shown in Fig. 7. (a) Cross plot of K2O vs. TFe2O3, showing 853 

that the transformation from glauconite to chamosite requires the addition of Fe but loss 854 

of K. (b) Cross plot of MgO vs. TFe2O3, showing that the transformation of glauconite to 855 

chamosite requires the addition of Fe and Mg. (c) Cross plot of V/Al vs. Fe/Al, showing a 856 

positive correlation between V/Al and Fe/Al. (d) Cross plot of TFe2O3 vs. V/Al, showing 857 

the positive correlation between V/Al and TFe2O3, with higher V/Al ratios in 858 

chamosite-rich samples. (e) Cross plot of K2O vs. V/Al, showing a reverse correlation 859 

between V/Al ratios and K2O contents (glauconite). (f) Cross plot of MgO vs. V/Al, 860 

showing positive correlation between V/Al ratios and MgO contents (chamosite).  861 

 862 

Figure 7. Microscopic features recording the transformation from glauconite to 863 

chamosite in siltstone-argillaceous sandstone with variable V/Al values. (a) An 864 

argillaceous sandstone sample with the lowest V/Al value, containing the most amount of 865 

autochthonous glauconite but minimum chamosite. (b and c) Siltstone-argillaceous 866 

sandstones with relatively low V/Al values, containing significant amount of chamosite 867 

but minor amount of glauconite. (d and e) Argillaceous sandstones with relatively high 868 

V/Al values, containing large amount of chamosite but minor glauconite that has been 869 

partially transformed into chamosite. (f) An argillaceous sandstone sample with the 870 

highest V/Al value, containing the most amount of chamosite and least amount of 871 

glauconite (largely transformed into chamosite). 872 

 873 

Figure 8. Micro-spot element analyses showing the compositional changes from 874 
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glauconite to chamosite. (a) Cross plot of K2O vs. TFe2O3, showing that the 875 

transformation from glauconite to chamosite requires addition of Fe but loss of K. (b) 876 

Cross plot of MgO vs. TFe2O3, showing that the transformation from glauconite to 877 

chamosite requires addition of Fe and Mg. (c) Cross plot of Al2O3 vs. TFe2O3, showing 878 

that the transformation from glauconite to chamosite requires addition of Fe and Al. (d) 879 

Cross plot of SiO2 vs. TFe2O3, showing that the transformation from glauconite to 880 

chamosite requires addition of Fe but loss of Si. 881 

 882 

Figure 9. Mg/Fe vs. Al/Si ratios of chamosites from different geological settings 883 

(modified from Damyanov and Vassileva 2001). Most of the chamosites from the 884 

Xiamaling Formation fall into the category of marine origin. 885 

 886 

Figure 10. BSE images and EDS analyses of the glauconite-chamosite transformation. (a) 887 

A glauconite particle that has been partially transformed to chamosite (light 888 

gray–chamosite; gray–glauconite; dark gray–quartz). (b) EDS spectrum of the point “X” 889 

in Fig. 10a showing that glauconite is mainly composed of K, Fe, Mg, Al, Si, and O. (c) 890 

EDS spectrum of the point “+” in Fig. 10a, showing that chamosite is composed of 891 

similar elements as those of glauconite, but with obviously high Fe and low K contents; 892 

(d) A glauconite particle that has been transformed to chamosite with reticular texture 893 

(light gray–chamosite; gray–glauconite; dark gray–quartz). (e) BSE image with high 894 

magnification, showing partial replacement of glauconite (Gl) by chamosite (Ch) and the 895 

retention of flakes across the mineral boundary (arrows). (f) BSE image with high 896 

magnification, showing a glauconite particle that has largely been transformed into 897 
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chamosite (light gray), with several 100–800 nm thick glauconite strips (dark gray). (g) A 898 

glauconite particle that has been completely transformed to chamosite (light gray) with 899 

no glauconite relics but a quartz ring (dark gray). In all EDS analyses, Pt results from 900 

coating. 901 

 902 

Figure 11. Elemental mapping and EDS analyses of the glauconite-chamosite 903 

transformation. (a) A BSE image, the same as Fig. 10f, showing the selected area for 904 

elemental mapping (white rectangular area). Arrows point to glauconite relics. (b–d) 905 

Elemental mapping of Fe, K, and Si, respectively, showing that chamosite has higher Fe, 906 

but low K and Si contents than glauconite. (e) EDS spectrum of the spot “X” in Fig. 11a, 907 

showing that glauconite is mainly composed of K, Fe, Mg, Al, Si, and O. (f) EDS 908 

spectrum of spot “+” in Fig. 11a, showing that chamosite is composed of similar elements, 909 

but with obviously higher Fe and lower K contents than glauconite. 910 

 911 

Figure 12. Cross plot of FeHR/FeT vs. FePy/FeHR, showing that all samples (n = 10) from 912 

glauconite- and chamosite-bearing strata fall into ferruginous area. 913 

 914 

Figure 13. Schematic diagram showing the mineral structural changes during 915 

glauconite-chamosite transformation (modified from Drits et al. 2001). (a) 916 

Transformation of glauconite to berthierine through the removal of interlayer cations and 917 

one tetrahedral sheet of the 2:1 layer. The vacant octahedron is occupied by Mg2+ and 918 

Fe2+ cations adsorbed from solution. (b) Transformation of glauconite to berthierine by 919 

removal of interlayer cations accompanied by the inversion of upper tetrahedral sheets of 920 
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2:1 layers and the occupation of vacant octahedron by Mg2+ and Fe2+ cations adsorbed 921 

from solution. (c) Transformation of berthierine layers into chamosite layers through 922 

inversion of the tetrahedral sheets of the even 1:1 layers. 923 







5 cm

10 cm 5 cm

50 cm

2 cm 2 m

2 m2 m

Figure 3

a b

c d

e f

g h



200 µm

200 µm 100 µm

f

g h

1 mm 200 µm

50 µm 200 µm

100 µm

a b

c d

e

Figure 4







200 µm 200 µm 200 µm

200 µm 200 µm 200 µm

V/Al = 47 ppm/wt% V/Al = 48 ppm/wt% V/Al = 59 ppm/wt%

V/Al = 69 ppm/wt% V/Al = 74 ppm/wt% V/Al = 81 ppm/wt%

a b c

d fe

Figure 7














	页 1
	页 1
	页 1
	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12
	Figure 13



