
1 Introduction 
 
The Earth System might be in a greenhouse climate 

state during the whole Cretaceous time. Oceanic anoxic 
events  (OAEs)  have  long  been  one  of  the  important 
subjects  of  Cretaceous  paleo-oceanography  (e.g. 
Schlanger and Jenkyns, 1976; Jenkyns, 1980). It has been 
suggested  that  oceanic  bottom water  may  have  been 
dysoxic  to  anoxic  at  this  time,  which  led  to  wide 
distribution of organic-carbon enriched black shales in a 
deep oceanic basin (Leckie et al., 2002). However, it has 
been found, especially after the implementation of the two 
international geosciences programs (IGCP 463/494), that 
hemi-pelagic to pelagic red sediments (Cretaceous oceanic 
red beds, CORB; Wang et al., 2004; Hu et al., 2005) are 
the main type of deposit when black shale deposition 
ended, implying that the deep ocean would have gone 
quickly to an oxic state after the OAEs (Wang et al., 
2005). The transition from black shales to red sediments is 
related to important problems such as the global change 
and carbon-oxygen cycle under greenhouse climate, and 

has become a new and important focus of Cretaceous 
research (Wang and Hu, 2005). 

Black shales and red beds are well-preserved in south 
Tibet  (Wang et  al.,  2001),  and have previously been 
investigated in terms of stratigraphy (Wang et al., 2000; Li 
et  al.,  2005),  paleontology  (Wan  et  al.,  2005), 
sedimentology  and  lithology  (Hu  et  al.,  2006),  and 
geochemistry (Wang et al., 2005, Zou et al., 2005). The 
present study is focused on the development of burial 
records for reactive iron (see later definition) during the 
black shale to red bed transition, and will explore the 
paleo-oceanographical significance of these records, so as 
to carry the work a step forward.  

 
2 Geological Setting 

 
Located in Gyangzê County, Tibetan, the studied region 

(Fig. 1) is tectonically part of the northern subzone of the 
Tethyan Himalayas (Yu and Wang, 1990). Cretaceous 
sediments  in  this  area  deposited  in  a  slope-basin 
environment,  which  outcrops  most  completely  in  the 
Chuangde section (Fig. 1). Wang et al. (2000) redefined 
the  stratigraphy  along  the  section;  and  Chen  (2005) 
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measured the section again in more detail. The Cretaceous 
strata,  210 m thick  in  total,  can be divided into the 
Gyabula, Chuangde and Zongzuo Formations. Aged from 
Barriacian  to  early Santonian,  the  Gyabula  Formation 
consists of two segments: (1) a black unit from 0 to 63 m, 
which is mainly black shale with almost no carbonate and 
aged from Barriacian to Albian; (2) a white unit from 63 
to  169 m thick  and aged from Cenomanian to  early 
Santonian, which is composed of grey to black siliceous or 
calcareous shales with a much higher carbonate content. 
Pyrite nodules can be found within this unit and the white 
colouration  is  because  of  weathering.  The  Chuangde 
Formation consists mainly of red shales intercalated with 
red marls and red carbonates. Planktonic foraminifera and 
calcareous nannofossils define the age of the Chuangde 
Formation as the late Santonian to the early Campanian. 
The Zongzuo Formation is composed predominantly of 
dark grey to black shale enclosing various olistoliths of 
sandstone, limestone and bedded chert. This work covered 
the samples from 68 to 197.6 m in the Chuangde section, 
including  the  Gyabula  (white  unit)  and  Chuangde 
Formations. For further details describing the section see 
Chen (2005). 
 

3 Definition of Reactive Iron, Methods and 
Samples  

 
As one of the most abundant redox sensitive elements in 

the crust, iron occurs as distinct minerals according to the 
redox  condition  during  syn-deposition  and  early 
diagenesis (Chen and Wang, 2004). If the system is in a 
more reducing state, detrital iron oxides will likely be 
reduced (either partly or completely), ultimately forming 

carbonate-associated 
iron (including siderite) 
or  pyrite  (Canfield, 
1989).  By contrast,  if 
the  system  is  in  an 
oxygen-enriched  state, 
new iron oxdes will be 
formed in the sediments 
(Glasby,  1991). 
Chemical  sequential 
extraction  techniques 
can be applied to the 
sediments  to  estimate 
the  content  of 
carbonate-associated 
iron  (including 
siderite),  pyrite  and 
iron oxides, which can 
give  important 

information about the redox condition of the depositional 
environment  (Berner,  1970;  Raiswell  et  al.,  1988; 
Canfield,  1989;  Raiswell  et  al.,  1994;  Raiswell  and 
Canfield,  1998;  Raiswell  et  al.,  2001;  Poulton  and 
Canfield, 2005). Because these types of iron are the main 
iron species active at the stage from syn-deposition to 
early diagenesis, the sum of the iron present in these 
minerals is commonly referred to as highly reactive iron 
(FeHR;  Berner,  1970;  Canfield,  1989;  Raiswell  and 
Canfield, 1998). Related studies have been successful in 
resolving problems related to the redox evolution of the 
paleo-ocean (Raiswell et al., 1988; Raiswell et al., 2001; 
Canfield  et  al.,  2007),  and  the  low-temperature 
geochemical cycle of iron (Poulton and Raiswell, 2002). 

On the basis of previous work, Poulton and Canfield 
(2005) developed a comprehensive method for marine 
sediments,  which  includes  carbonate-associated  iron 
(Fecarb),  easily  reducible  iron  (ferrihydrite  and 
lepidocrocite, Feox1), reducible iron (goethite and hematite, 
Feox2), magnetite (Femag), pyrite (Fepy), sheet silicate iron 
(FePR) and unreactive iron (the difference between the 
total Fe and all other forms of iron, FeU). For ancient 
sediments, the ferrihydrite and lepidocrocite have been 
transformed into goethite or hematite, the Feox1 and Feox2 
fractions are often combined via a single extraction to give 
a total ferric oxide pool (Feox). 

Fifty samples from the Chuangde section were analyzed 
using this method (Poulton and Canfield, 2005) in the 
Geochemical Lab, University of Newcastle Upon Tyne, 
U.K. The sampling intervals were 4 m for the white unit 
and 1–2 m for the red beds. Fecarb, Feox, Femag and Fepy 
were determined for each sample. Highly reactive iron 
(FeHR) was acquired when adding these four forms of iron 

 

Fig. 1. Geological setting of study region and locality of the Chuangde section. 
1. Gandgdise magmatic arc; 2. Xigazê forearc basin; 3. Yarlung Zangbo suture zone; 4. northern subzone of the Tethyan 
Himalayas; 5. southern subzone of the Tethyan Himalayas; 6. crystal Himalayan zone; 7. position of Chuangde section. 
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together,  and  the  total  iron  (FeT)  was  determined  in 
Nanjing University. All data are listed in Table 1.  
 
4 Results 
 

The ranges and averages of the different iron pools are 
summarized in Table 2. In the red beds, FeT, Feox, Femag 
and  FeHR  average 8.69%,  2.62%, 0.59% and 3.25%, 
respectively, and are relatively higher than those in the 
black shales. The averages for FeT, Feox, Femag and FeHR in 
the latter are 4.25%, 0.38%, 0.13% and 0.64%. However, 
black shales are relatively enriched in Fecarb and Fepy with 
averages of 0.13% and 0.007%, respectively. Pyrite was 
below detection in  the  red  beds  and the mean Fecarb 
content is 0.04%. 

Because  the  absolute  content  of  the  different  iron 
fractionations is affected by the total amount of FeT, the 
ratio between iron fractions and total iron is used to more 
effectively  reflect  the  distribution  of  different  iron 
fractions  and  therefore  changes  in  the  depositional 
environment  (Poulton  and  Raiswell,  2002).  However, 
from the normalized results (Table 3), the features of the 
distribution of iron fractions are essentially the same. The 
Feox/FeT, Femag/FeT, FeHR/FeT ratios are still higher in the 
red beds, while Fecarb/FeT and Fepy/FeT are still higher in 
the black shales (white unit), which indicates that the 
variations in the total reactive iron (FeHR) contents and 
species (Fecarb, Feox, Femag, Fepy) mainly result from the 
changes in the depositional environment.  

 
5 Discussion 
 

Previous work has shown that red beds of the Chuangde 
Formation  corresponding  to  a  more-oxic  depositional 
environment  than  the  underlying  Gyabula  Formation 
although this was not based on a direct proxy for the oxic 
depositional environment of red beds (Wang et al., 2005). 
The mechanism for the occurrence and duration of red 
beds is also poorly constrained (Wang et al., 2005; Hu et 
al., 2006). However, the differences between reactive iron 
burial in the black shales and red beds presented here may 
give some new insights into these problems. 

There is essentially no pyrite and Fecarb (the ferrous 
iron-bearing phases) in the red beds, which suggests an 
oxygen-enriched depositional environment relative to the 
underlying black shales. The much lower Femag/FeT in the 
white  unit  may  be  due  to  the  anoxic  dissolution  of 
magnetite by sulfide during the early diagenesis of these 
sediments  (Canfield  and  Berner,  1987).  Feox/FeT 
contributes to more than 80% of the total difference in 
FeHR/FeT between the black shales and red beds. Feox/FeT 
in the red beds is not only higher than that in the white 

unit,  but  also higher  than that  in  modern continental 
margin  and  deep  sea  sediments  (0.28  and  0.25, 
respectively), and higher than that in the Jurrasic and 
Cretaceous non-red oceanic sediments (0.16), but lower 
than that in the modern oceanic red clay (0.33, Poulton et 
al.,  1998;  Poulton  and  Raiswell,  2002).  In  these  red 
sediments, Feox mainly represents hematite (Hu et al., 
2006), and it is concluded that the relatively high Feox/FeT 
ratios observed in the red beds is due to the existence of 
excess hematite.  In the study of clay minerals in the 
Chuangde section (Hu, 2002), it is suggested that the 
weathering situation in the source region did not change 
greatly during deposition of the Gyabula and Chuangde 
Formations. This suggests that the change of Feox/FeT 
between the black shales and red beds is not caused by the 
variation of Feox/FeT in the detrital input (Poulton and 
Raiswell, 2002). The increase in Feox/FeT in the red beds 
therefore  likely  occurred  during  the  phase  from syn-
deposition to early diagenesis, which is also implied by 
petrological and mineralogical evidence (Hu et al., 2006). 
Case  studies  on  Cretaceous  oceanic  red  beds  from 
elsewhere also suggest that the enrichment in iron oxides 
(excess  hematite)  occurred  in  the  period  from  syn-
deposition to early diagenesis (Channell, 1982; Eren and 
Kadir, 1999). On the other hand, the enrichment of iron 
oxides,  i.e.,  the  formation  of  excess  hematite,  in  the 
Chuangde Formation may indicate that the depositional 
environment was in an oxygen-enriched state (Hu, 2002; 
Wang et al., 2005; Hu et al., 2006), and the Feox/FeT ratio 
may be an indication of the development of an oxygen-
enriched environment for red beds deposition.  

Previous  investigations  have  suggested  that  oceanic 
paleoproductivity  decreased  during  red  bed  deposited 
(Wang et al., 2005; Zou et al., 2005). The main evidence 
relates to a negative organic carbon isotope excursion 
(Fig. 2), and a decrease in biogenic barium contents (Ba/
Al) (Zou et al., 2005). Coeval negative trends can also be 
found from inorganic carbon isotope records in a more 
shallow  area  of  south  Tibet  (Hu,  2002),  which  also 
supports the conclusion of decreased marine productivity 
and lower burial of organic carbon. Therefore, during the 
deposition of red sediments, the development of oxygen-
enriched conditions was accompanied by a decrease in 
paleoproductivity,  which  may  imply  that  a  feedback 
existed between the redox state and productivity of the 
ocean.  

According to observations for the modern ocean, the 
iron cycle is related to the cycling of several elements, and 
is especially coupled to that of phosphorus (Anschutz, et 
al.,  1997;  Weng,  1999).  Under  oxygen-enriched 
conditions, reactive iron species in marine sediments will 
be buried mostly as iron oxides, and more phosphorus will 
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Table 1 Analytical results of reactive iron for upper Cretaceous samples from southern Tibet 

Sample Lithology FeT Fecarb Feox Femag Fepy FeHR 

04cd067 Black shale 4.92  0.17  0.32  0.22  0.0014 0.70  

04cd072 Black shale 4.48  0.16  0.09  0.20  0.0155 0.47  
04cd076 Black shale 5.39 0.12 0.37 0.17  0.0006 0.66 
04cd080 Black shale 5.66 0.17 0.68 0.22  0.0114 1.08 
04cd084 Black shale 5.14 0.17 0.32 0.22  0.1324 0.84 
04cd088 Black shale 4.31 0.20 0.31 0.20  0.0047 0.71 
04cd092 Black shale 3.27 0.10 0.36 0.11  0.0007 0.57 
04cd096 Black shale 3.39 0.11 0.18 0.10  0.0032 0.39 
04cd100 Grey marlstone 5.85 0.15 0.25 0.23  0.0019 0.62 
04cd104 Black shale 2.88 0.09 0.25 0.08  0.0019 0.42 
04cd108 Black shale 6.20 0.13 0.54 0.20  0.0011 0.88 
04cd112 Grey marlstone 2.69 0.12 0.09 0.06  0.0044 0.28 
04cd116 Grey marlstone 2.31 0.10 0.23 0.06  0.0040 0.40 
04cd120 Grey marlstone 4.08 0.14 0.33 0.15  0.0026 0.63 
04cd124 Black shale 3.02 0.10 0.38 0.07  0 0.54 
04cd128 Grey marlstone  2.63 0.08 0.34 0.06  0.0005 0.48 
04cd132 Black shale  3.14 0.07 0.43 0.08  0.0053 0.58 
04cd136 Marlstone 3.26 0.06 0.44 0.07  0 0.57 
04cd140 Marlstone 2.78 0.10 0.46 0.07  0.0007 0.63 
04cd144 Marlstone 2.89 0.08 0.28 0.05  0.0018 0.42 
04cd148 Siliceous rock 3.32 0.12 0.33 0.06  0 0.51 
04cd150 Siliceous rock 2.24 0.05 0.24 0.06  0 0.35 
04cd154 Siliceous rock 2.88 0.12 0.28 0.02  0.0029 0.42 
04cd158 Siliceous rock 4.79 0.09 0.46 0.10  0.0042 0.66 
04cd162 Siliceous rock 4.03 0.16 0.55 0.10  0  0.82 
04cd166 Siliceous rock 9.24 0.17 0.19 0.05  0  0.41 
cd051 Grey shale 7.81 0.14 1.50 0.38  0  2.03 
cd052 Red shale 8.48 0.07 2.80 0.64  0  3.51 
cd053 Red shale 7.15  0.02  1.68  0.55  0  2.24  

cd056 Red shale 10.07 0.01 4.43 0.61s  0 5.05 
cd063 Red shale 9.93 0.03 3.08 0.63  0 3.74 
cd071 Red shale 8.50 0.01 2.49 0.57  0 3.07 
cd077 Red shale 8.40 0.02 2.92 0.63  0 3.57 
cd083 Red marlstone 1.38 0.01 0.50 0.09  0 0.60 
cd086 Red shale 5.03 0.02 1.54 0.38  0 1.94 
cd092 Red shale 11.38 0.06 4.14 0.75  0 4.95 
cd100 Violet siliceous shale 11.43 0.03 4.14 0.84  0 5.02 
cd105 Red shale 11.61 0.02 3.66 0.81  0 4.49 
cd113 Violet siliceous shale 11.87 0.03 3.66 0.85  0 4.55 
cd133 Violet siliceous shale 11.93 0.01 3.61 0.81  0 4.42 

cd35w1 Red marlstone 2.00 0.02 0.50 0.12  0 0.64 
cd142 Violet calcareous shale 11.53 0.02 4.07 0.90  0 4.99 

cd35w2 Red marlstone 5.11 0.04 1.25 0.29  0 1.58 
cd158 Red shale 12.66 0.06 3.34 0.84  0 4.24 

cd35w3 Red marlstone 5.90 0.07 1.19 0.39  0 1.65 
cd166 Red shale 10.13 0.05 2.30 0.66  0 3.01 
cd174 Red shale 10.61 0.04 2.86 0.65  0 3.54 

cd36w2 Red marlstone 7.17 0.05 1.76 0.58  0 2.38 
cd36w3 Red marlstone 6.24 0.11 1.54 0.38  0 2.03 
cd187 Red shale 11.23 0.01 2.81 0.60  0 3.42 
cd190 Green-grey calcareous shale 6.27  0.22  0.94  0.17  0 1.33  

Note: the content is in percent (%). Fecarb, Feox, Femag and Fepy are carbonate-associated iron, ferric iron oxides (mainly goethite and hematite), magnetite and 
pyrite, respectively. FeHR is the total content of reactive iron species. FeT is the total amount of iron in the sample. 
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be absorbed onto iron oxides and therefore buried (Slomp 
et al., 1996), resulting in less phosphorus regeneration to 
the overlying sea water (Colman and Holland, 2000). This 
leads to a decrease in phosphorus cycling efficiency in the 
ocean, relative to anoxic conditions. Phosphorus is the 
ultimate  limiting  nutrient  for  marine  production  on 
geological timescales,  and the decrease in phosphorus 
cycling efficiency would lead to a less productive ocean 
(Tyrrell, 1999). Such a feedback mechanism between the 
redox state and productivity of the ocean (VanCappellen 
and Ingall,  1996; Berner et  al.,  2003) would help to 

maintain oxygen-enriched conditions in the deep ocean, 
and  would  therefore  be  favorable  for  the  continued 
deposition of red beds. The negative relation between 
Feox/FeT  and  paleoproductivity,  and  the  relative 
enrichment of phosphorus in the red beds of the Chuangde 
Formation  (Hu,  2002)  suggest  that  this  feedback 
mechanism may  be  a  reason  for  the  transition  from 
Cretaceous black shales to oceanic red beds deposition, 
while other factors such as climate and ocean circulation 
would also have played important roles (Wang et al., 
2005).  

 

Fig. 2. Part of reactive iron burial records and organic carbon isotope curve from the Chuangde section, south 
Tibet (Organic carbon isotope data is from Zou et al., 2005). 
1. Shale; 2. siliceous rock; 3. pillow-like limestone; 4. limestone; 5.nodule; 6. bedded limestone. 

Table 2 Summarization of iron speciation and FeT in the white and red unit of the Chuangde section 

Fecarb Feox Femag Fepy FeHR FeT  

Range Average Range Average Range Average Range Average Range Average Range Average

White 
unit 

0.07 
−0.22 

0.13 
0.09 
−1.50 

0.38 
0.02− 
0.38 

0.13 
0.0 

−0.1324
0.007 
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−2.03 
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2.24 
−9.24 

4.25 

Red 
unit 

0.01 
−0.11 

0.04 
0.50 
−4.14 

2.62 
0.09 
−0.90 

0.59 0.0 0.0 
0.60 
−5.05 

3.25 
1.38 
−12.7 

8.69 

Note: the content is in percent (%). The averages are calculated as numerical means.
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6 Conclusions 
 
The following conclusions can be made according to the 

above discussion and interpretations on the reactive iron 
data of Cretaceous black shale and oceanic red beds:  

(1) No pyrite can be found and carbonate-associated 
iron is much lower in the red beds. The main characteristic 
of reactive iron in the red beds is the enrichment of iron 
oxides (largely hematite). 

(2) The enrichment of iron oxides occurred during the 
stage from syn-depostion to early diagenesis. The ratio 
between hematite to the total iron (Feox/FeT) can indicate 
an  oxygen-enriched  depositional  environment  for  red 
beds.  

(3) A correlation has been done between the reactive 
iron  burial  records  and  proxies  of  paleo-productivity, 
which suggests that paleo-productivity decreases when the 
ratio between iron oxides and the total iron (Feox/FeT) 
increases in the red beds. This phenomenon could imply 
that the feedback between marine redox condition and 
productivity  (i.e.,  the  oxygen-enriched  ocean 
corresponding to lower productivity), might be one of the 
reasons for the sedimentary transition from Cretaceous 
black shales to oceanic red beds. 
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