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Lithological Description of the Doushantuo Formation in Yangtze
Gorges. Member 1 consists of the cap carbonate, typically 3 to 5 m
thick and in sharp lithological contact with underlying glacial
diamictite of the Nantuo Formation (1). Member 2 is �70 m
thick and consists of calcareous mudstones and marls alternating
with parallel-laminated limestone and dolomite beds at scales of
a few centimeters to several meters. Argillaceous member 2
gradually changes to carbonate-dominated member 3 that is
characterized by cm-scale alternating limestone/dolostone rib-
bon rock and is approximately 70 m in thickness. Approximately
10 m of organic-rich shales of member 4 contain decimeter-scale
oval limestone concretions and form a sharp lithological contact
with the underlying ribbon rock. Ash layers, dated as 635.2 � 0.6
Ma and 632.5 � 0.5 Ma occur within the cap carbonate and
approximately 5 m above the cap. A third ash, at the top of the
formation, is dated as 551.7 � 0.7 Ma (2).

Background Information on Mg-Clays. Saponite is a trioctahedral
smectite and from a geochemical perspective is part of a group
of Mg-rich clays that also includes palygorskite, sepiolite, and
stevensite. These minerals are compositionally and texturally
distinctive and reflect different formation mechanisms under
different chemical conditions. Stevensite and sepiolite contain
little or no aluminum and often form by direct precipitation
(3–6). In contrast, palygorskite and saponite contain significant
amounts of structural aluminum, indicating formation via trans-
formation of precursor Al-bearing clay (7). Topotatic over-

growth of stevensitic layers on preexisting phyllosilicate sheets
has been proposed as the transformation mechanism resulting in
Mg-smectites with saponitic compositions (8). Palygorskite and
sepiolite have chain structures and are readily distinguished from
sheet-like stevensite and saponite XRD analysis and by their
fibrous fabrics.

In subaqueous sedimentary settings the type of Mg-clay
forming is governed by chemical conditions and the availability
of detrital Al-silicates. In Phanerozoic sedimentary deposits,
fibrous clays like palygorskite and sepiolite tend to form at
moderate pH (�8) and are found in peri-marine basins (3) and
high-stand sediments of closed lake systems (9, 10). Thermody-
namic calculations indicate that fibrous clays are favored by high
silica activities (11), but as pointed out in the main text, kinetic
controls are critical. Stevensite and saponite are more prevalent
under high pH (�9 or more) and/or evaporative conditions in
which Mg is concentrated by a factor of 10 (see Table S5).
However, it should be pointed out that the assemblages of
Mg-clay minerals are not mutually exclusive and commonly
occur together.

The random fabrics of clay floccules commonly observed in
samples of the Doushantuo Formation, combined with compo-
sitional information showing appreciable Al content (Table S1),
suggest that most saponite formed by transformation of detrital
precursors. Given the high degree of illitization of clays in ash
beds and chloritization of saponite in some parts of sections, the
absence of other types of Mg-clays may be a result of greater
susceptibility to diagenetic alteration.
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Fig. S1. Paleogeographic reconstruction of the SE margin of the Yangtze block during deposition of the Doushantuo Formation, showing the locations of the
sections collected and analyzed in the Yangtze Gorges area, Siduping and Huaihua. This reconstruction, from work by Vernhet (12, 13), with a series of fault
bound basins and horsts, is based on observations of rapid lateral variations in thickness and lithology of the Doushantuo Formation and widespread evidence
of gravity induced sediment instability. Jiang et al. (14, 15) have a different model, with a rimmed carbonate platform forming on a passive margin.
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Fig. S2. SEM photomicrographs of member 2 mudstones. Dol, dolomite; Tri clay, trioctahedral clay. (A) Subparallel clay layers between larger grains. (B) White
arrow and enlarged box highlight examples of randomly orientated clay aggregates. (C) Sphere of authigenic clay, either saponite or corrensite as indicated by
elemental analysis. Clay sphere has an overgrowth of platy dolomite.
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Fig. S3. Distribution of redox-sensitive elements in members 2 and 4 of the Doushantuo Formation in the Yangtze Gorges region. (A) Plots of redox sensitive
element concentrations (Mo, Re, V, and U—normalized to Ti to correct for differences in sedimentation rate) vs. degree of pyritization (DOP) as an independent
measure of redox conditions. DOP values �0.75 (to the right of the dotted line) indicate anoxic bottom water which was intermittently sulfidic (euxinic) (16).
DOP values �0.45 indicate dysoxic conditions. Oxygen depletion in the water column is expected to promote enrichments in redox sensitive elements. Despite
suitable conditions, elemental enrichments are absent in member 2. (B) Plots of redox sensitive element concentrations (Mo, Re, V, and U) normalized to Ti vs.
total organic carbon (TOC) as weight percent. Covariation between TOC and elemental abundance in member 4 shales suggest that sedimentary organic content
influences elemental enrichment. However, member 2 shales have normalized abundances 1 to 2 orders of magnitude lower than member 4 shales with similar
organic content. Panel (A) shows that this difference is not the result of changing bottom water redox conditions. We suggest that elemental abundance is a
function of depositional environment. In nonmarine settings enrichment is limited by supply from local catchment. Marine shales draw from a significantly larger
reservoir—the global ocean. Note logarithmic scale of y axis.
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Fig. S4. Plot of C/N ratios vs. TOC for members 2 and 4 mudstones from Jiulongwan and Huajipo. The expected change in C/N ratio associated with increasing
thermal maturation is shown. However, the clay mineralogy of ash beds indicates that members 2 and 4 are thermally equivalent so this does not account for
differences in C/N ratios.
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Table S1. Elemental analysis of clay fractions from representative samples (A), corrected elemental composition of saponite-rich
samples accounting for the phosphate and K-feldspar content (B), and unit formulae of saponites set to 22 charges calculated using
the corrected compositions of saponites (C)

Mem. 2
61104-21
� 0.2 �m

Mem. 2
61104-41A
� 0.2 �m

Mem. 2
61805-20
� 0.5 �m

Mem. 2
61104-30
� 0.2 �m

Mem. 2
61805-8

� 0.5 �m

Mem. 1
61104-2

� 0.5 �m

Mem. 2
61805-2

� 0.5 �m

Mem. 4
61905-1

� 0.5 �m

Mem. 4
61905-13
� 0.5 �m

A. Clay mineralogy Saponite Saponite Saponite �

minor corrensite
Corrensite Corrensite �

minor chlorite
Chlorite I/S �

chlorite
I/S I/S

SiO2 54.91 52.97 65.57 51.16 59.80 67.57 58.50 70.82 66.62
Al2O3 9.49 7.71 8.21 13.68 12.70 13.09 19.00 18.33 19.93
TiO2 0.78 0.61 0.75 0.90 1.75 1.40 0.87 0.91
Fe2O3 4.34 2.76 2.57 3.04 4.00 2.01 3.70 1.16 1.51
MgO 26.32 26.01 16.36 29.52 20.80 13.32 12.50 2.02 3.33
CaO 0.74 3.88 1.55 0.67 0.45 1.06
Na2O 2.82 2.25 2.06 1.49 1.10 0.27 1.20 0.51 0.87
K2O 0.60 1.25 0.70 1.55 3.70 6.30 4.60
P2O5 4.27 1.84 0.00 1.17
Total 100 99.85 100.02 100.31 100 100.01 100 100.01 100

B.
SiO2 54.55 57.76
Al2O3 9.17 8.41
TiO2 0.81 0
Fe2O3 4.50 3.01
MgO 27.29 28.36
CaO 0.77 0
Na2O 2.92 2.45
K2O 0 0
P2O5 0 0
Total 100 100

C. Tetrahedral
Si 3.468 3.584
Al 0.532 0.416
Sum 4.000 4.000
Octahedral
Al 0.155 0.198
Mg 2.585 2.622
Fe2� 0.215 0.141
Sum 2.956 2.961
Interlayer
Ca 0.052 0
Na 0.360 0.295
K 0 0
Charge
Tetrahedral �0.532 �0.416
Octahedral 0.155 0.198

Total �0.377 �0.218
Interlayer 0.465 0.295

Several samples contain a calcium phosphate phase, K-feldspar and silica as contamination. To make the corrections, all K was assumed to be in K-feldspar
and all P and Ca in apatite. All Fe is assumed to be in the octahedral layer and ferrous, silica contamination is not accounted for. The tetrahedral, octahedral,
and interlayer charge were calculated separately to highlight the potential misfit (which is low).
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Table S2. Mineralogical composition (wt %) of representative samples from the Nantuo (boldface), Doushantuo (black), and
Dengying (italic) Formations in the Yangtze Gorges as well as Doushantuo Formation (black) and Nantuo Formation samples from
basin section at Siduping

Sample Sample height, m Saponite � corrensite Chlorite Illite Quartz K-feldspar Plagioclase Dolomite Calcite

Yangtze
Gorges
61304 100 184 0 0 0 10 0 0 90 0
61905_13 180 0 0 26 32 18 0 23 1
61905_1 175 0 0 29 36 19 0 16 0
62005_9 174 0 0 2 5 0 0 12 81
62005_8 170 0 0 4 4 0 0 26 66
61304_73 120 0 0 4 3 0 0 93
61304_63a 105 0 0 0 12 0 0 88 0
61805_21 81 28 0 0 16 4 0 52 0
61805_20 80 24 0 0 26 4 0 46 0
61805_18 70 13 0 0 22 4 0 61 0
61805_15 63 26 0 0 15 5 2 52 0
61805_14 33 21 0 1 31 24 11 13 0
61104_30 18 7 0 0 8 0 0 42 42
61805_8 15 13 11 0 38 3 0 32 3
61104_27 13 30 0 0 27 7 9 26 0
61104_21 10.5 10 0 0 30 5 0 55 0
62205_3 9.6 0 0 69 22 9 0 0 0
61805_2 9.5 0 13 43 32 0 0 9 3
61104_14 8 6 0 0 38 0 0 56 0
61105_11 6 23 0 0 19 0 8 50 0
61104_7 4.5 10 0 0 20 0 0 70 0
61104 _5 1 2 0 0 11 0 0 44 44
61104_3 �5 0 13 28 45 0 13 0 2

Basin
61704_TB16 51 0 18 0 33 11 0 38 0
61704_TB14 49 0 11 0 33 6 0 50 0
61704_TB15 46 0 10 0 17 3 0 70 0
61704_TB13 38 0 20 12 27 39 0 2 0
61704_TB11 22 0 0 26 31 41 0 2 0
61704_TB10 16 0 0 22 39 37 0 2 0
61704_TB5 12 0 0 24 34 40 0 2 0
61704_TB6 11 0 0 32 35 33 0 0 0
61704_TB7 5 0 0 12 9 0 0 80 0
61704_TB2 �0.5 0 10 23 41 21 0 0 5

Sample collection sites:
61104_1 to 21 Huajipo section 2 at 30°46�53.2	N, 111°02�05.4	E.
61104_27, 30 and 62005 Huajipo section 1 at 30°47�09.5	N, 111°02�05.5	E.
61304 Sixi section 30°45�25.8	N, 110°55�51.0	E.
61805 and 61905 Jiulongwan Section 30°48�38.0	N 110°03�27.0	E.
62205 Jiuqunao Section 30°53�04.4	N, 110°52�36.1	E.
61704 Siduping section 28°55�05.9	N, 110°27�03.1	E.
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Table S3. Comparison of trace element concentrations in anoxic lacustrine and anoxic marine sediments with the Doushantuo
Formation

Anoxic lacustrine sediments Mo, ppm Re, ppb V, ppm U, ppm Ref.

Green River Fm, core 01-a 22 83 35
Green River Fm, core cr-2 18 78 35
Antarctic dry lakes �4 113 �5 36
Sokolov Fm 2 299 37
Lake Baldeggersee 5 74 38
Anoxic marine sediments
Black Sea Unit 1 51 34 100 10.9 39
Black Sea Unit 2 117 54 196 14.8 39
Average black shale (Cambrian to Jurassic) 65 500 40
Peruvian margin (modern) 42 49 152 3.7 39
Namibian mud lens (modern) 40 27 138 10.5 39
Mediterranean sapropels 105 295 518 15.5 39
Average Devonian black shale 170 500 15 41
Average Cretaceous/Tertiary black shale 316 210 1016 28 33
Average black shale 2 Ga to 600 Ma 24 42
Doushantuo
Member 2 Yangtze Gorges (n 
 8) 2.5 36 72 2.2
Member 4 Yangtze Gorges (n 
 8) 150 317 613 29
Basin shales (n 
 10)* 30 329

Data from the Yangtze Gorges area are also shown in Fig. S3. Basin shale data come from Siduping and Huaihua sections.
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Table S4. Ancient occurrences of trioctahedral smectite

Location
Age �

setting
Clay

minerals
Associated
minerals

Chemical
conditions Ref(s).

Double Lakes Fm,
West Texas

Saline lake
(Quaternary)

Mg-smectite (dioctahedral)
sepiolite, palygorskite. Clay
content 20–60%.

Calcite, dolomite,
feldspars and quartz.
Traces of gypsum and
other sulfate minerals

Most saline
during
Mg-smectite
deposition

10

Amargosa desert,
California

Saline lake
(Pliocene-Pleistocene)

Sepiolite, kerolite/ stevensite
Clay content up to 70%,
average �30%)

Calcite and dolomite �

detrital mica, feldspar,
quartz - altered to chlorite
and sericite

pH above 9
inferred for
trioct-smectite
stages

24, 25

Olduvai Gorge,
Tanzania rift zone

Saline-alkaline lake
(Plio-Pleistocene)

Trioctahedral smectite
(stevensite), illite

Celadonite, zeolites,
K-feldspars, calcite,
pseudomorphs of evaporative
minerals

pH 9.5–10
inferred from
Magadi-type
chert nodules

26, 27

South of Sea of Galilee,
Dead Sea Rift zone

Evaporative lake
(Miocene to Pleistocene)

Saponite, corrensite, chlorite
(diagenetic series), only
occurs at 600-m depth
(clays 30–60%)

I-S, palygorskite, illite,
kaolinite, talc, calcite,
dolomite, quartz, feldspar,
halite, gypsum

Saponite
favored
in reducing
alkaline
conditions

28

Madrid Basin, Spain Continental basin -
saline to freshwater
lake system
(Miocene)

Saponite, sepiolite, palygorskite,
mainly in evaporative stage,
dioctahedral smectite, illite and
kaolinite in freshwater stage.

Abundant calcite and
dolomite, chert beds
and nodules, detrital
quartz, feldsparand
mica, rare gypsum.

Saline
conditions

9

Green River Fm, Utah Saline lake system
(Eocene)

Trioctahedral smectite, minor
mixed-layer illite and chlorite

Quartz, K-feldspar,
mixed calcite and
dolomite

Near-shore
lacustrine,
mildly reducing,
moderately saline

29

Ross Sea, Antarctica Oligocene to early Eocene
Hydrothermal (low temp)
altered marine volcanoclastic
detritus

up to �50% clay, saponite-
badeillite series normally 100%
of clay content.

No other authigenic
minerals: chlorite and
illite and di-smectite
in upper part of core
that is not altered.
Mainly quartz, feldspar,
trace calcite, pyroxene,
amphibole

Low temperature
hydrothermal
alteration
(�150°C)

30

East Berlin Fm,
Connecticut Valley

Lacustrine
(Upper Triassic/Lower Jurassic)

Trioctahedral smectite, corrensite,
illite, chlorite � I/S

Quartz, plagioclase,
calcite, dolomite

Alkaline
conditions

31, 32

Paradox Basin,
South-east Utah

Marine evaporite sequence
(Middle Pennsylvanian)

Interstratified chlorite/tri-smectite
(from corrensite to discrete
chlorite) � detrital(?) illite

Anhydrate, halite
dolomite, quartz

Evaporitic basin 33

Orcadian Basin,
Scotland

Devonian lacustrine Corrensite to chlorite with
mixtures of discrete corrensite
and chlorite

Inverse relationship
between tri-clay and
dolomite abundance
indicate late diagenetic
conversion of 2:1 di-clays

Purely diagenetic
phase

34
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Table S5. Chemical conditions in recent sedimentary settings where trioctahedral smectites form

Location Mineralogy

Chemistry

Ref(s).Mg, ppm Si, ppm pH

Abert Lake,
Orogen

Mg-smectites of variable composition,
interpreted as interstratified dioctahedral
precursors and neoformed K-stevensite,
minor kaolinite and mica, calcite,
Na-carbonate, halite, feldspars, quartz.

0.6 144 9.6 8, 17

Lake Yoa,
Chad

Stevensite mixed with aragonite
forms ooids. Minor kaolinite � dolomite,
Na-carbonates/sulfates and halite.

�2.8 34 to 304 9.3 to 9.9 5

Lake Turkana Presence of Mg-silicate phase
(sepiolite or tri-smectite) inferred based
on mass balance considerations (sink for Mg
and Si). Some increased smectite crystallinity
observed lakeward supports this. Mg-silicates
estimated to make up to 4% of sediment.

2.3 (ave.) 19.8 (ave.) 9.2 (ave.) 18

Searles Lake,
California

Trioctahedral Mg-smectite, Fe-illite, K-feldspar,
analcime, kaolinite, chlorite, evaporite minerals
and quartz.

? ? pH 9 to 10
measured from

pore fluids

19

Salina Ometepec,
Baja California

Neoformed and transformed saponite
(from dioctahedral smectite) with
variable composition. Other minerals
include kaolinite and minor illite, quartz,
gypsum and halite—little/no carbonate.

8361 to 16941 1.1 to 3.1 6 to 8 20, 21

Modern ocean Dominantly detrital 2:1 and 1:1 Al-clays 1318 �4.5 7.8 to 8.2 22, 23
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