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ABSTRACT

Dolomites occur extensively in the lower Cretaceous along syn-sedimentary fault zones of the
Baiyinchagan Sag, westernmost Erlian Basin, within a predominantly fluvial-lacustrine
sedimentary sequence. Four types of dolomite are identified, associated with hydrothermal
minerals such as natrolite, analcime and Fe-bearing magnesite. The finely-crystalline dolomites
consist of anhedral to subhedral crystals (2 to 10 um), evenly commixed with terrigenous
sediments that occur either as matrix supporting grains (Fd1l) or as massive argillaceous
dolostone (Fd2). Medium-crystalline (Md) dolomites are composed of subhedral to euhedral
crystals aggregates (50 to 250 um) and occur in syn-sedimentary deformation laminae/bands.
Coarse-crystalline (Cd) dolomites consist of non-planar crystals (mean size >1 mm), and occur
as fracture infills crosscutting the other dolomite types. Fd1, Md and Cd dolomites have similar
values of §'*0 (—20.5 to —11.0 %o Vienna PeeDee Belemnite) and 8'°C (+1.4 to +4.5 %o Vienna
PeeDee Belemnite), but Fd2 dolomites are isotopically distinct (8'*0 —8.5 to —2.3%o Vienna
PeeDee Belemnite; 6'°C +1.4%o to +8.6%0 Vienna PeeDee Belemnite). Samples define three
groups which differ in light rare-earth elements vs. high rare-earth elements
enrichment/depletion and significance of Tb, Yb and Dy anomalies. Md dolomites have
signatures that indicate formation from brines at very high temperature, with salinities of 11.8
to 23.2 eq. wt. % NaCl and T, values of 167 to 283°C. The calculated temperatures of Fd1 and
Cd dolomites extend to slightly lower values (141 to 282°C), while Fd2 dolomites are distinctly
cooler (81 to 124°C). These results suggest that the dolomites formed from hydrothermal fluid
during and/or penecontemporaneous with sediment deposition. Faults and fractures bounding
the basin were important conduits through which high-temperature Mg-rich fluids discharged,
driven by an abnormally high heat flux associated with local volcanism. It is thought that
differing amounts of cooling and degassing of these hydrothermal fluids, and of mixing with
lake waters, facilitated the precipitation of dolomite and associated minerals, and resulted in the

petrographic and geochemical differences between the dolomites.
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INTRODUCTION

For more than two centuries, the “dolomite problem” has remained one of the most disputed topics
in sedimentary research. Studies suggest that dolomites form in two main realms: either sedimentary
or hydrothermal environments. Various mechanisms for early dolomitization have been proposed,
both primary microbial and early replacement by sea water-derived fluids, including tidal pumping,
sub-mixing zone circulation and brine reflux (e.g. Kaufman et al., 1991, Whitaker & Smart 1993;
Jones et al., 2004; Machel, 2004; Nader et al., 2004; Deng et al., 2010). However, in recent years
many studies have focused on the formation of hydrothermal dolomites in marine and continental
environments (e.g. Machel and Lonnee, 2002; Lavoie et al., 2010; Lapponi, et al., 2014). This is
motivated by their implications for understanding ancient hydrothermal activity, their potential as
hydrocarbon reservoirs (e.g. Dong et al., 2016, Mansurbeg et al., 2016, Feng et al., 2017) and as
hosts to Mississippi Valley-Type lead-zinc mineralization (e.g. Leach and Sangster, 1993, Hendry
etal, 2015; Wei et al., 2015). In most cases, hydrothermal dolomites form near faults developed in
extensional tectonic settings, where faults provide pathways for hydrothermal fluids (e.g.
Vandeginste et al., 2012; Martin-Martin et al., 2013, Martin-Martin et al., 2015, Hollis et al., 2017).
Hydrothermal dolomite is generally considered as a post-depositional product, forming from
hydrothermal fluids (hotter than ambient rock) by replacement of precursors including limestones
or preexisting dolomites, or by infilling of vugs and fractures (Machel and Lonnee, 2002, Lonnee
and Machel, 2006). However, a few studies of modern hydrothermal systems suggest that primary
dolomites can precipitate from a mixture of hydrothermal fluids and sea water or lake water (e.g.
Barnes and O’Neil, 1971, Eickmann et al., 2009). Considerable controversy remains as to whether

massive primary dolomites can be produced directly from hydrothermal fluids.

There have been very few prior studies of the massive dolomites within the Cretaceous Tengger
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Formation in the Erlian Basin. Based on previous studies (Guo et al., 2012; Zhong et al., 2015),
these dolomites are distinguished by a range of features which suggest their formation relates to
hydrothermal processes. Firstly, the dolomites are interbedded, or mixed with normal lacustrine
sediments (mainly mudstone and siltstone) and, secondly, they are associated with several high-
temperature minerals (e.g., natrolite, analcime) rarely seen in dolomites. These observations have
led to a hypothesis that the dolomites are synsedimentary, formed as primary lacustrine precipitates
associated with discharge of hydrothermal fluids into a lake basin. This study builds on this work
and offers the first detailed investigation of the petrographic texture and geochemical composition
of these lacustrine dolomites in the Erlian Basin. It is also a clear example of research into the
genesis of dolomites in a continental rift basin in China that examines the interaction between
hydrothermal activities and sedimentary process. This mechanism has been suggested for similar
dolomites in other continental basins of China, including the Santanghu, Jiuquan and Bohaiwan
basins (Zheng et al., 2006, Liu et al., 2010, 2011; Li et al., 2012a, b; Wen et al., 2014; Song et al.,
2015; Jiao et al., 2018). Understanding the formation and distribution of these dolomites is

important because they are important as hydrocarbon reservoirs.

This study aims to document the petrographic and geochemical characteristics of Tengger
Formation dolomites, to understand the reasons behind their characteristic variations, and to
elucidate their genetic origins. To achieve this, it is performed by: (i) petrographic examination; (ii)
stable oxygen and carbon isotope analysis; (iii) rare-earth element analysis; and (iv) fluid-inclusion

studies on dolomite samples from the Baiyinchagan Sag in the westernmost part of the Erlian Basin.

GEOLOGICAL SETTING AND STUDY AREA
The Erlian Basin is a Mesozoic continental rift basin sitting on folded Hercynian basement in
northern China (Dou et al., 1998; Huang et al., 2003; Li et al., 2012) (Fig. 1A). During the Late

Jurassic and Early Cretaceous, the area experienced the subduction of the Pacific Plate under the

Eurasian Plate, accompanied by powerful volcanism. This volcanism is represented in the basin by
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andesite, pyroclastic rocks, tuffs and related rocks (Ren et al., 1998; Xiao and Yang., 2001; Lu et al.,
2011; Ji et al., 2012; Li et al., 2014). The Baiyinchagan Sag is located in the westernmost part of
the basin and covers an area of 3,200 km? and can be subdivided into three parts: the eastern sub-
sag, the low Maohu uplift and the western sub-sag (Fig. 1B). The sag has undergone a complex
evolution involving repeated subsidence and uplift events associated with the multiple tectonic
cycles recorded within the basin. The main phase of syn-rift deposition in the Baiyinchagan Sag
occurred during the Early Cretaceous and comprised a series of fluvial-lacustrine sediments, which
lie unconformably on Jurassic volcanic basement. From bottom to top, the Cretaceous strata include
the Arshan Formation (Kja, ~ 250 to 1300 m), the Tengger Formation (K;t, ~ 90 to 830 m), the
Duhongmu Formation (K;d, ~ 220 to 1550 m) and the Saihantala Formation (K;s, ~ 0 to 300 m),

which comprise mainly dark terrigenous detrital sediments (Fig. 1C) (Huang et al., 2003).

The main study area is located in the southwestern part of the western sub-sag, which is
elongated NW-SE, and extends ~20 km in length with a width of ~10 km. The study area is bounded
by the ENE-WSW trending Tala fault zone and the NE-SW trending Chagan—Wente fault zone,
resulting in the formation of an asymmetric half-graben (Fig. 1D). These two sets of fault zones are
composed of a series of normal faults and remained active until the end of the Early Cretaceous
(Deng, 2006). They developed upwards from the basement and appear to have fundamentally
controlled processes of lacustrine deposition. The present study was conducted mainly in the
Tengger Formation, which can be subdivided into the Lower and Upper Members. The Lower
Member consists of clastic sedimentary rocks, mainly conglomerates, sandstones and mudstones.
The Upper Member is composed of argillaceous dolomite, dolomitic mudstone, siltstones and

mudstones.

SAMPLES AND ANALYTICAL METHODS

More than fifty wells have been drilled into the Tengger Formation in the Baiyinchagan Sag from
which detailed well-logging information is available. Some 312 m of dolomite of the Tengger
Formation were examined and described from eight cored wells (X2, X26, X31, X32, X36, X3-69,

C36 and C39; Table S1; Fig. 2) preserved in library of the Zhongyuan Oil Field. All the cores are
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located in the Upper Member of the Tengger Formation, with a total of 185 core samples being
collected and analyzed to calibrate data from wireline logs in the cored intervals (Fig. 3). All core
samples were carefully examined and 93 samples were selected for thin sections. Based on the
petrographic results, representative samples were further selected for microprobe and geochemical

analysis.

The thin sections were cut to a standard thickness of 0.03 mm, polished and stained with
Alizarin Red-S and potassium ferricyanide (Dickson, 1966), and analyzed under a Leica PM4500
polarizing microscope (Leica, Wetzlar, Germany). Cathodoluminescence (CL) microscopy was
performed using a CL8200MKS5-2 (CITL company, Hatfield, UK) instrument with a 17-kV beam
and a current intensity of 300 to 500 pA. Textural characteristics of dolomite and associated mineral
assemblages were investigated in detail with a scanning electron microscope (SEM) Quanta 200
FEI with a dispersive X-ray spectrometer (EDS) (FEI Company, Hillsboro, OR, USA). Petrographic
microscopy, CL and SEM were conducted at the China University of Petroleum, Beijing. Analysis
of major-element composition of minerals was carried out by electron probe micro analysis (EPMA)
using an electron microprobe EPMA-1600 (15-kV, beam size 1x10 ® A, beam spot size 1um,
correction ZAF, standard GB/T 115, 074-2008; Shimadzu Corporation, Beijing, China) in the

Laboratory of Geoanalysis and Geochronology of Geological Research Centre, Tianjing, China.

The different types of dolomites were sampled for oxygen and carbon isotopic and rare-earth
element analyses using a two-speed rotary tool to extract the desired quantity of powdered dolomite
after carefully targeting apparently homogeneous areas of each thin section. For oxygen and carbon
isotopic analysis, approximately 5 mg of micro-drilled dolomite was reacted with pure phosphoric
acid for 12 h at 50°C. The resultant CO; was analyzed for its oxygen and carbon isotopic ratios
using a Finnigan-MAT252 gas-isotope mass spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA) at the University of Petroleum, Beijing. The results based on replicate analyses of GBW
04405, are given using conventional §'°C and §'%0 notations with respect to the Vienna PeeDee

Belemnite (VPDB) standard, with an analytical error of £ 0.1%e.
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Rare-earth element (REE) contents were measured using a NexION300D ICP-MS
(PerkinElmer Inc., Waltham, MA, USA) at the Beijing Research Institute of Uranium Geology
(BRIUG). Approximately 2 mg of sample powder was reacted with 2.5% HNOs3. Precision was in
the range 5 to 10%, and the element detection limit was 0.002 ppm. REE concentrations were
normalized to NACS (North American Composite Shale; Gromet et al., 1985). Anomalies of
europium, (Eu/Eu*)sny = Eusn/(0.67Smsn + 0.33Tbsn) and cerium, (Ce/Ce*)sny = Cesn/(0.5Lasn +

0.5Prsn) were calculated according to the formulae of Bau and Dulski (1996).

Fluid-inclusion microthermometry was performed on doubly polished thin sections using a
Linkam mK 1000 heating-freezing stage calibrated using synthetic fluid-inclusion standards at the
Petroleum Geology Research and Central Laboratory, Beijing. Homogenization temperatures (7%)
and ice melting temperatures (7,,) were measured according to the procedures of Shepherd et al.
(1985). The accuracy of Tj and Tm is within 3°C and 0.5°C, respectively. Salinity estimates were
calculated by applying the measured 7m values to the equation of Bodnar (1993), and reported as

equivalent weight percent NaCl (eq. wt. % NaCl).

LITHOSTRATIGRAPHIC FEATURES AND OCCURRENCE OF
DOLOMITE

Logging data and core observation indicated that the Upper Member of Tengger Formation is a
mixed sedimentary sequence of argillaceous dolomite, dolomitic mudstone, mudstone, siltstone and
rare sandstone (Fig. 3). In well logs, rocks containing dolomite are electrically characterized by
natural gamma (GR, ~ 300 to 1500 API) which is significantly higher than that of the normal

terrigenous sediments (GR, <250 API) in the study area (Fig. 3). In addition, rocks containing

dolomite are locally identified by ultra-high and ultra-low deep resistivity (ILD, ~0.2 to 2000 Q-m)
(Fig. 3). Combining log data with observation of cores, four lithological units from bottom to top
can be defined in the Upper Member of the Tengger Formation on the basic of their lithological

association (Fig. 2): Unit I is 40 to 170 m thick and is a mixture with highly variable amounts of
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argillaceous dolomite, dolomitic mudstone and mudstone/siltstone; Unit I is 100 to 190 m thick and
is dominated by argillaceous dolomite and dolomitic mudstone locally intercalated mudstone; Unit
OI is 70 to 150 m thick and is characterized by frequent alternation of dolomite and
mudstone/siltstone; Unit IV is 40 to 150 m thick and is dominated by mudstone, with thin beds of
dolomite at the top of the unit in many wells. In each unit, rocks containing dolomite mainly show
unique structures, like white grains, laminae and band, and breccia, which markedly distinguish
from dark colour lacustrine clastic rocks (Fig. 3). Dolomites and lacustrine clastic rocks appear

alternately, indicating that the sedimentary environment changed dramatically at that time.

The occurrence of dolomites in the Upper Member of the Tengger Formation is proximal to
the fault zones and developed on the footwall blocks of normal faults (Figs 2 and 3). The thickness
of dolomite in the NW-SE cross-section is shown to decrease from the faults towards the centre of
the basin, although the total stratigraphic thickness increases (Fig. 3). It is also apparent that the
dolomite bodies have mounded geometries and gradually thin then pinch out into the surrounding
mudstone. The dolomite bodies appear to be elongated NE-SW, parallel to the fault zones (Fig. 2).
Their precise dimensions are difficult to assess because the single layer of dolomite-bearing rock is
too thin and there is a lack of obvious contacts between dolomite-bearing rock and terrigenous
sediments, but the total thickness of dolomite-bearing rocks reaches a maximum of 320 m and
dolomite-bearing rock extends for several thousands of square kilometers over the study area (Fig.

2).

PETROGRAPHIC FEATURES OF DOLOMITE

Based on observations of structure, texture and mineral composition in argillaceous dolomite and
dolomitic mudstone, four types of dolomite can be identified. However, information on the
abundance and occurrence of each type of dolomite at a larger scale is not available because of
observations are limited to cores. In the following section the petrographic characteristics of these

dolomites are described in order of decreasing abundance.
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Fine-crystalline (Fd1 and Fd2) dolomite

Fdl dolomite (26 to 37%) occurs mixed with very fine terrigenous feldspar (7 to 37%), analcime
and natrolite (8 to 19%) and/or minor amounts of illite (<<10%), as a dark-grey matrix supporting a

mass of white grains (Fig. 4A to D). Fdl dolomite deposits have a thickness ranging from
centimetres to several metres. Grains are scattered throughout the matrix, but with the long axis of
the white grains often oriented normal to the bedding planes (Fig. 4A to D). The grains vary in shape
and may be irregular and elongate (Fig. 4A and B), small and spherical (Fig. 4C), or droplet—shape
with a small tail (Fig. 4D). They range in size from coarse—grained (>1 mm) to fine—grained (<5
um). In some cases, grains are wrapped around by depositional laminae (Fig. 4F), indicating a syn-
sedimentary relationship between grains and laminae. The major components of these grains are
natrolite, with euhedral crystals up to 200 pm long and 50 pum wide (Fig. 4F and G), and/or analcime
with octahedral crystals of 10 to 200 um diameter (Fig. 4H and I). Secondary components include
radiaxial-fibrous Fe-bearing magnesite, cubic pyrite and/or subhedral-euhedral dolomite (Fig. 4F,
H, I and J), which replaces natrolite and analcime, and rare occurrences of barite within the

intracrystalline pores of natrolite grains (Fig. 4K).

Fd2 dolomite (25 to 36%) also occurs mixed with fine terrigenous feldspar (25 to 44%),

natrolite and analcime (6 to 37%) and illite (<<10%) to form finely laminated or massive dolomitic

mudstone (Fig. 4E). These dolomitic mudstones form layers up to several metres in thickness which

can be difficult to differentiate from overlying or underlying mudstones.

Although Fd1 and Fd2 dolomites show different rock structures, they are microcrystalline, with
a crystalline size range of 2 to 10 um (Fig. 4F, H and L). SEM observations indicate that crystals
are anhedral to subhedral (Fig. 4M), and sometimes spherical. CL reveals the presence of slightly
luminescent Fd2 dolomite with a non-dull-red colour (Fig. 4N), while Fdl dolomite shows no
luminescence. The fine terrigenous feldspar, which commonly appears synchronic and concordant
with the fine-crystalline dolomites, is general anhedral and ranges in size from 2 to 10 um (Fig. 4M),

and the majority are albite with a small amount of K-feldspar. There is no petrographic evidence of
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primary replacement fabrics, or of dissolution/replacement of fine-crystalline dolomite.

Medium-crystalline (Md) dolomite

Md dolomite occurs as white or light-yellow laminae (from several pm to mm thick) which alternate
with dark-grey laminae composed of terrigenous sediments and are interlayered with dark-grey
mudstone (Fig. 5A and B). The dark-grey laminae are dominated by fine albite and minor amount
of K-feldspar. In most cases, the white laminae show small (cm) scale folding and faulting as a result
of plastic and soft sediment deformation in an unconsolidated to semi-consolidated deposit (Fig. SA
and B). Md dolomite is present in white bands several cm in thickness, which also show evidence
of soft deformation and movement induced by syn-sedimentary fracturing (Fig. 5C and D). Locally,
the white consolidated laminae and bands are broken to form irregular breccia of varied size (Figs

4B, 5C and D), comparable to syn-depositional brecciation textures described by Selleck (1978).

Md dolomite is made up of interlocking subhedral to euhedral crystal aggregates with a size
range of 50 to 250 um, with poorly defined individual crystal boundaries (Fig. SE, F, G and H). Md
dolomites are slightly stained by Alizarin Red-S and K-ferricyanide indicative of a high iron content
(not in Fd dolomites due to their small size). These dolomite crystals show a unique internal structure
with no alternating rims and display no luminescence (Fig. 5I). Calcite is observed between the
dolomite crystals as an intercrystalline pore infill, and consists of dull luminescent sparry crystals
(Fig. 5I). Natrolite and analcime are generally replaced by Md dolomites in the white laminae and
bands (Fig. SE, F and J). Compared with the laminae, the bands contain more Md dolomite, but less

natrolite, analcime and calcite.

Coarse-crystalline (Cd) dolomite

Cd dolomite fills fractures that crosscut the bedded Fd and Md dolomites indicating they are a later
phase of dolomitization. This type of dolomite is easily distinguished by its white colour, contrasting
with the dark-grey colour of other dolomites, and forms irregular masses in pores and voids (Fig.

6A). However, the Cd dolomite was identified in only one of the eight wells studied and occurs over
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a length of <0.5 m of the core.

Cd dolomite is composed of multiple individual, cloudy, non-planar dolomite crystals, with a
mean size of >1 mm (Fig. 6B and C). The dolomite is lightly stained by Alizarin Red-S and K-
ferricyanide. Under cross-polarized light, the dolomite crystals are characterized by typical
undulatory extinction comparable with that of the saddle dolomite described by Nader et al. (2004)
and Haeri-Ardakani et al. (2013). However, these crystals exhibit non-luminescence under CL, and
show no cloudy centres and clear rims or more complex zonation. There are scattered sub-
millimetre-sized intercrystalline pores between the Cd crystals (Fig. 6B), and a small amount of

analcime and radiaxial-fibrous Fe-bearing magnesite intergrown with the Cd dolomites (Fig. 6C).

GEOCHEMICAL FEATURES OF DOLOMITE

Major-element composition

Major-element composition of CaO, MgO and FeO was determined by electron probe micro-
analysis (EPMA) to characterize different types of dolomite (Fd1, Fd2, Md and Cd dolomite) (Table
1), and are plotted in Fig. 7. All dolomites have >1.6 wt. % FeO and are defined as ferroan dolomite
(Tucker and Wright, 1990). Fd1 and Fd2 dolomites have a similar composition, forming a group
(n=29) with 24.92 + 1.57 wt. % CaO, 14.37 + 1.46 wt. % MgO and 7.65 + 1.71 wt. % FeO contents
(Fig. 7A and B). Compared to Fd1 and Fd2 dolomites, Cd dolomites show a slightly higher content
of CaO (mean 26.50 + 2.28 wt. %, n=17) and MgO (mean 15.44 + 1.66 wt.%, n=17) (Fig. 7A), but
have a very similar FeO content (mean 7.68 + 1.23 wt. %, n=17) (Fig. 7B). Interestingly, Md
dolomites are chemically distinct from the other dolomites, with the highest CaO content (mean
26.84 + 1.51 wt. %, n=35) and MgO content (mean 18.10 + 1.24 wt. %, n=35) and the lowest FeO
content (mean 4.47 + 1.08 wt. %, n=35) (Fig. 7A and B). Md dolomite displays a significantly higher
Mg/Ca ratio (mean 0.94 + 0.04, n=35) than the Fdl, Fd 2 and Cd dolomites (0.81 + 0.06, n=46),
despite also having a lower FeO content. The inverse relationship between FeO and MgO may

reflect the ease with which Fe?" substitutes for Mg?" rather than Ca*" (Gregg et al., 2015).
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Oxygen and carbon isotopes

The §"C values of all types of dolomite lie within a narrow range (+2%o to +4%o), with the exception
of Fd2 dolomite, which extend to much heavier §'°C values. In contrast, the 5'%0 values for the
dolomites are spread over a relatively wide range (Table 2; Table S2). Based on their §'%0 and §'*C
values, the different types of dolomites can be divided into two groups (Fig. 8). Fd2 dolomites have
the highest isotopic values, with §'30 values of —8.5 to —4.3%o (mean —6.8 = 1.5 %o, n=5) and 5'*C
values of +1.4%o to +8.6%0 (mean +4.9 £ 2.5 %o, n=5) (Fig. 8). In comparison, the isotopic values
for Fd1 and Md dolomites are very similar, forming a group (n=19) with lower 8'%0 values (mean
—14.3 £ 2.5%0) and lower §'°C values (mean 3.1 + 0.9%o) (Fig. 8). $'30 and §'3C values for Cd
dolomites lie within the range of values for Fd1 and Md dolomites, —16.4 to —14.2%o and from +3.2
to +3.9%o, respectively (Fig. 8). In addition, two samples of dolomite cement in the mudstone shows

very different isotopic values, with a §'%0 value of —4.5 to —3.4%o and §'3C value of —4.6 to—2.0%o

(Fig. 8).

Rare-earth elements (REE)

REE concentration of the Upper Formation of the Tengger Formation dolomites and normal
mudstone is summarized in Table 2, whereas the NASC-normalized (Gromet et al., 1985) REE

profiles of dolomites and mudstone is shown in Fig. 9.

Fd1 and Fd2 dolomites have similar ZREE contents and wide ranges of values relative to the
other types of dolomite (Table 2), with mean respective total ZREE contents of 214.08 ppm (range
135.15 to 328.08 ppm) and 212.14 ppm (range 151.14 to 307.56 ppm). For the ratio of Lan/Ybx, a
wide range of Fd1 and Fd2 dolomites (n=7) have moderate values ranging 1.02 to1.86, but a smaller
subset with higher values ranging 2.22 to 3.27 (n=6) indicates light rare-earth element (LREE)
enrichment (Kucera et al., 2009; Wen et al., 2014). From the REEN pattern (Fig. 9A), Fd1 and Fd2
dolomites appear to be enriched in LREEs with a slight right-inclining distribution, and slight high
rare-earth element (HREE) depletion with a fluctuating HREE distribution, and display slightly

positive Tb and Yb anomalies, and a slightly negative Dy anomaly. Conversely, ZREE contents of
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Md dolomites lie in a relatively narrow range of 126.13 to 180.81 ppm (mean 158.32 ppm) and they
show a pronounced HREE enrichment (Lan/Ybn= 0.54 to 1.0). The REEw profile of Md dolomites
exhibit pronounced LREE depletion with a slight left-inclining distribution, and HREE enrichment
with a flat HREE distribution, and display slightly positive Tb and Yb anomalies, except for one
sample which has pronounced positive Eu and Gd anomalies (Fig. 9B). The two samples of Cd
dolomite yield the lowest ZREE contents with mean value of 93.23 ppm and show a slight LREE
enrichment (Lan/Ybn =1.39 to 1.93). The REEN profile of Cd dolomite shows slight LREE
enrichment with a flat distribution, and a slight HREE depletion with a weak right-inclining
distribution, and displays pronounced positive Eu and Tb anomalies and negative Dy and Er
anomalies (Fig. 9C). No dolomite types show a positive Eu anomaly (Eu/Eu* mean 0.89) except for
Cd dolomite, which has a slightly positive Eu anomaly (Eu/Eu* mean 1.21), and all exhibit a very
slightly negative Ce anomaly (Table 2).

Mudstone in the study area, considered as the background lacustrine sediment, yields stable
YREE content ranging from 203.20 to 257.21 ppm (mean 233.64 ppm). The mean of Lan/Ybx ratio
is 1.30 suggesting a weak HREE enrichment. The mudstones show a relatively flat REE distribution

with slight HREE depletion, with a slightly negative Eu and positive Yb anomalies (Fig. 9D).

Fluid-inclusion microthermometry

Microthermometric measurements focused on primary two-phase (liquid and vapour) fluid
inclusions from the dolomites. Because of their small size, fine-crystalline dolomites are not suitable
for microthermometry. Fluid inclusions from Md dolomites show irregular to elongate shapes with
a size range of 4 to 12 um (Fig. 10A). These have a wide range of homogenization temperature (7)
from 167 to 283°C, but a negatively skewed distribution with 55% yielding temperatures between
160 and 200°C (Fig. 11A). Their ice-melting temperatures (7y) vary widely from —21.2 to —8.1°C,
and calculated salinities of the fluids from which the dolomite formed are in the range from 11.8 to
23.2 eq. wt. % NaCl (Bodnar, 1993) (Table 3; Fig. 11C). The coarse dolomite cement contained no
workable primary inclusions, probably because of dissolution and recrystallization, which removed

the inclusions in the weakest parts of crystal. For this reason, no coarse dolomite could be analyzed
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for their inclusions.

Natrolite, which occurs in association with dolomite, is also suitable for microthermometric
studies. Primary inclusions in natrolite are relatively large (8 to 20 pm) and have regular and
elongated shapes (Fig. 10B). Natrolite inclusions have rather higher homogenization temperatures
(Th, from 232 to 351°C; Table 3; Fig. 11B) and their ice-melting temperatures range from —25.2 to
—16.9°C, suggesting a salinity of 19.8 to 25.7 eq. wt. % NaCl (Table 3; Fig. 11C). Thus both
homogenization temperatures and salinity of the fluids precipitating the natrolite appear to be

distinctly higher than those from which the dolomite formed.

DISCUSSION

Four main types of dolomite were recognized in the Tengger Formation: Fd1 dolomites form a
matrix that supports synchronously deposited white scattered grains of natrolite, analcine and Fe-
bearing magnesite; massive or laminated Fd2 dolomites without synchronously deposited grains;
Md dolomites are limited to laminae and bands which exhibit deformation structures; Cd dolomites
are restricted to fracture infills. This study considers the Tengger Formation dolomites as primary
products of direct precipitation during sedimentary and/or penecontemporaneous stages from
hydrothermal fluids. These fluids have supplied magnesium for dolomite generation (e.g. Last and

Deckker, 1990) and resulted in their high iron content.

Genetic model for syn-sedimentary hydrothermal dolomites

It is proposed that the input of hydrothermal fluids associated with volcanism at the base of the lake
were synchronous with deposition and could have altered physical and chemical conditions
sufficiently to facilitate the deposition of dolomites. The geochemical potential of hydrothermal
fluids to form fault-related dolomites in the subsurface has been previously demonstrated, for
example by Nader et al. (2004) and Eickmann et al. (2009). In the Baiyinchagan Sag, such

hydrothermal fluids discharged from faults and fractures into the bottom of the lake would have
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resulted in mixing with lake water in the presence of unconsolidated normal lacustrine terrigenous
sediments. This mixing, together with a decrease in pressure and temperature of the hydrothermal
fluid, would have driven the sequential precipitation of the various dolomites and associated
minerals, forming the deposits observed in the cores. These dolomites should be called hydrothermal,

because they apparently formed at higher than ambient temperature (Machel and Lonnee, 2002).

The vertical alternation between dolomite and mudstone/siltstone suggests that the
hydrothermal fluid was introduced into the lake in pulses, with active hydrothermal phases
alternating with periods of reduced activity or cessation of hydrothermal discharge. The lateral
distribution of dolomites (Fig. 2) suggests rapid decay in precipitation potential with distance from
the source of hydrothermal fluids (e.g. Dekov et al., 2014; Lopez et al., 2017). Firstly, the onset of
hydrothermal activity was marked by formation of laminae or bands of Md dolomites intercalated
with unconsolidated lacustrine sediments layers, giving way up-section to deposition of intermixed
muds/silts and Md dolomites. The resulting localized buildup of dolomites associated with discharge
of hydrothermal fluid resulted in syn-sedimentary deformation and folding, even syn-depositional
brecciation of a number of earlier consolidated rocks such as white laminae and bands, with either
local redeposited or transport over a short distance. This would have been followed by a period
increased input of hydrothermal fluid, leading to greater upwelling and mixing within the lake. Local
to the hydrothermal vents, highly idiomorphic natrolite, analcime, pyrite and/or dolomite and
magnesite precipitated, within distinctly shaped grains. More distal from the vents, mixing of
hydrothermal fluids with a higher fraction of lake water resulted in Fd1 and Fd2 dolomites and very
fine analcime and natrolite precipitates inter-mixed with sediments redeposited in the lake sourced
from the surrounding basin. Subsequently, during periods when hydrothermal discharge ceased,
normal lacustrine mudstones and/or siltstone deposits accumulated, and no dolomites were formed.
Thus, the hydrothermal fluids supplied the basic components for the formation of dolomites, and
the lake served as a depositional environment for these components (in the form of the different
dolomites, natrolite, analcime and magnesite). The dolomites of the Tengger Formation formed

under the influence of both hydrothermal fluids and lake water, and can best be referred to as syn-
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sedimentary hydrothermal dolomites. This system may have been comparable to subaqueous
exhalative systems thought to have formed carbonate chimneys in alkaline lakes of Afar (e.g. Dekov,

et al., 2014) and at depth of more than 600 m in the South China Sea (Sun et al., 2015).

Evidence in support of syn-sedimentary hydrothermal dolomite formation

The proposed model of syn-sedimentary hydrothermal dolomites is supported by four separate lines
of evidence: the large-scale tectonic and depositional environment, the petrography and occurrence

of dolomites, associated minerals, and dolomite geochemical composition.

Tectonic and depositional setting

Continental rifting generated a lake basin within which muddy sediments accumulated, with a series
of basin-bounding normal faults along which hydrothermal fluid circulated. Although there was
little apparent volcanism in the Baiyinchagan Sag during the Early Cretaceous, abundant andesite,
rhyolite, and pyroclastic rock was produced in the eastern part of the Erlian Basin (e.g., the
Honghaoershute and Saihantala sags; Lu et al., 2011, Ji et al., 2012; Li et al., 2014). This suggests
that the study area was under the indirect influence of volcanism. The extensional tectonics and
volcanic activity gave rise to an abnormally high local geothermal gradient of ca 83°C.km™ in the
Baiyinchagan Sag (Liu and Zhang, 2011), significantly steeper than the current geothermal gradient
of ca 35°Ckm™ (Ren, 1998, Zhao et al., 2001). The proximity of the dolomite to the fault zones
suggests that the complex network of faults and fractures acted as conduits for migration of
hydrothermal fluids (Fig. 2). The active tectonic regime and high heat flux would have both
enhanced the permeability of fault/fracture network and provided a drive for convection of
hydrothermal fluids (Nader et al., 2004; Hollis et al., 2017). The very high fluid temperature (=300

°C) would be both thermodynamically and kinetically favourable for dolomite generation.
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Dolomite texture, structure and composition

The contrasting textures and the high iron content of the different types of dolomite provide direct
evidence for formation from hydrothermal fluids, and associated sedimentary structures point

clearly to a primary origin.

Fdl and Fd2 dolomites are microcrystalline (2 to 10 um) and occur as non-planar to planar-
subhedral crystals. This indicates that nucleation rate is higher than growth rate, which is
characteristic of a high density of nucleation sites in a substrate and/or formation at relatively low

temperature (<50 to 100°C) (Gregg and Sibley, 1984). Conditions commensurate with rapid-

precipitation of fine-crystalline dolomite, such as high dolomite supersaturation and presence of
precursor carbonates, are generally viewed as occurring in near-surface evaporative and/or shallow-
burial environments (Hips et al., 2015; Lu et al., 2015, Hou et al., 2016). However, the co-
occurrence of siliciclastic lacustrine sediments, and the apparent absence of CaCO3 or abundant
evaporites (e.g., gypsum or anhydrite), suggest the fine-crystalline dolomites are primary chemical
precipitates penecontemporaneous with deposition of the lacustrine sediments. In addition, fine-
crystalline dolomites in near-surface or shallow-burial environments tend to have a low (<2%) iron
content, whether formed from marine (e.g. Azomani et al., 2013; Olanipekun et al., 2014) or
lacustrine water (e.g. Last et al., 2012), whereas those in the Tengger Formation show significantly
higher FeO content (>7%) (Table 1; Fig. 7B). This provides clear evidence that the Fd dolomites
were not formed simply from lake water, but also involved hydrothermal fluid that was enriched in

iron.

The interfaces between the Md and Fd dolomites and the lacustrine sediments are sharp, with
no evidence of recrystallization of Fd dolomite or patchy replacement. Furthermore, there is an
absence of replacement textures, such as submicron calcite domains in the dolomite. Texturally, Md
dolomites display crystalline aggregates composed of subhedral to euhedral crystals, which

indicates multiple growth episodes of the crystals (Rosen and Coshell, 1992). Md dolomites are also
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non-cathodoluminescent and show no zonation, possibly due to slower crystallization from a stable
and homogeneous fluid (Machel, 2004). Laminae and bands of Md dolomites exhibit deformation
structures and brecciation, indicating a syn-sedimentary origin rather than formation during later
diagenesis. The lower FeO content (mean 4.5%) compared to the fine-crystalline dolomites (Table

1; Fig. 7B), may be result from the removal of iron from the fluid via the growth of cubic pyrite.

Cd dolomites are a later stage fracture infill, and are characterized by large crystal sizes and
undulatory extinction. The undulatory extinction is indicative of crystal growth at high temperatures
(>60 °C) responsible for distorted crystal lattices (Warren, 2000). Compositionally the Cd dolomites
are similar to the Fd dolomites, suggesting precipitation either from similar fluids, or at different

evolutionary stages of the same fluid (Boni et al. 2000, Warren, 2000).

Significance of associated minerals

All dolomites are associated with unusual and distinctive minerals which provide further evidence
for high temperature precipitation. White grains of natrolite and analcime occur evenly mixed with
Fd1 dolomite, or replaced by Md dolomite in the white laminae/bands. Natrolite and analcime are
commonly euhedral, relatively large (up to 200 um) crystals, without remnant precursors, and
display consistent chemical compositions (Table 1). This mineral assemblage is interpreted to have
precipitated from hydrothermal fluids in response to changing temperature or other physicochemical
conditions, rather than by replacement within a burial environment that would typically produce

single-component minerals such as siliceous minerals (Liu et al., 2010).

Fluid inclusions in the natrolite have high homogenization temperatures of 232 to 351°C, with
salinity from 19.8 to 25.7 eq. NaCl wt. %, indicating formation from a high-salinity hydrothermal
fluid. Ghobarkar and Schdf (1999) and Kumar and Chattopadhyaya (2006) verified under
laboratory conditions that natrolite and analcime could directly precipitate from a hydrothermal fluid
to produce euhedral crystals, and suggest the crystallizing temperature for analcime is ~50°C higher

than that for natrolite. Similarly, magnesite associated with dolomite has been reported to have
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formed from hydrothermal fluids at high temperatures (>180°C, Herrero et al., 2011; <500°C,

Hurai et al., 2011). The cubic form of the pyrite within the dolomite provides further support for
formation in a high-temperature environment (Fig. SH and I). Cubic pyrite has been reported to

form at temperatures up to 250 to 300°C (Murowchick and Barnes, 1987; Kouzmanov et al., 2002),
butat >450°C pyrite forms octahedron and pentagonal dodecahedron crystals (Cai and Zhou, 1993,

Graham and Ohmoto, 1994). The higher temperature and salinity of fluids forming the natrolite,
relative to that of the Md dolomites (Fig. 11C), implies changes in hydrothermal fluid from which
the minerals precipitated. It is proposed that the hydrothermal fluids evolved along a pathway that
started with the formation of zeolite, which requires higher temperature and salinity, and consumed

Na-Al-Si.

Cooling of the residual fluids, that were relatively enriched in Fe-Mg-Ca, favoured
precipitation of Fe-bearing magnesite and dolomite. Although this would result in a small reduction
in the total dissolved solids, the significant reduction in salinity indicated by the fluid inclusion data
(from 19.8 to 25.7 eq. wt. % NaCl in the natrolite to 11.8 to 23.2 eq. wt. % NaCl in the medium-
crystalline dolomite; Fig.11C) suggests that the cooling hydrothermal fluids also mixed with and
were diluted by lower salinity lake water. Similar processes are inferred to result in formation of the
fine-crystalline dolomite and zeolite which were then mixed with terrigenous sediments, although

the fine texture means that changes in the precipitation path cannot be directly observed.

Implications of isotopes and REEs

The isotopic composition of the Fdl, Md and Cd dolomites (Fig. 8) is comparable to that of
previously described subsurface hydrothermal dolomites (e.g. Herrero et al., 2011; Haeri-Ardakani
et al., 2013), whereas the Fd2 dolomites are notably heavier, especially in oxygen. Isotopic values
of Fd1 and Fd2 dolomite are distinct from those of dolomite cements in the mudstone (Fig. 8) There
is little isotopic fractionation of '3C/!>C with temperature, and thus the §'*C value of the dolomite

reflects that of the parent fluids (Tucker and Wright, 1990). Whilst texturally distinct, the 5'°C of
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most of the different dolomites in the study area lie within the range +2%o to +4%o, with the
exception of some Fd2 dolomites with heavier 8!°C. The latter are interpreted to result from
abundant degassing of light CO; from ascending hydrothermal fluids reflecting a pressure reduction
(Kele et al., 2008). The 880 values of the dolomites reflect both the temperature and the
composition of the parent fluids, suggesting that precipitation takes place under isotopic equilibrium
(Matthews and Katz, 1977; Horita, 2014). Many high-temperature hydrothermal dolomites are
interpreted to form from fluids with negative 5'30 values (Fig. 8) (Boni et al., 2000, Gasparrinia et

al., 2006, Martin-Martin et al., 2015; Hou et al., 2016).

Given the formation temperature of Md dolomites from fluid inclusions (T,=167 to 283°C),
the method of Land (1983) is used to calculate the fractionation factor between the dolomite and the
parent fluids. This suggests 5'0 values of the parent fluid of +3 to +4%0 SMOW, and formation of
texturally distinct dolomites from fluids at different temperatures. The highest temperature of
formation is for the Cd dolomite (~182 to 221°C), with the Fd1 dolomite formed at temperatures
(~141 to 282°C) that were significantly higher than the Fd2 dolomites (~81 to 124°C). The
variations in the calculated formation temperatures could be explained by changes in the ratio of
lake water (mean annual temperature about 20°C; Chen, 2010) mixing with hot hydrothermal fluids
that ascended rapidly from depth. The progressive decrease in '%0 values is consistent with that
observed in hydrothermal carbonate chimneys (Eickmann, et al., 2009, Dekov, et al., 2014), in which

different carbonate minerals formed in evolved hydrothermal fluids.

The detailed mixing process of hydrothermal fluids also can be revealed by the REEs in the
Tengger Formation dolomites. The total REE (XREE) content of the dolomites are far higher than
those of dolomites of evaporative, reflux, or burial origin (which typically do not exceed 100 ppm;
e.g. Haeri-Ardakani et al., 2013; Liu et al., 2017) and most samples XREE contents are within the
range reported for hydrothermal dolomites (30 to 300 ppm) (Kucera et al., 2009). The Cd dolomites
that are interpreted to have precipitated from hydrothermal fluids to infill fractures exhibit

compositions close to a hydrothermal end-member and are characterized by the lowest XREE
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content of all the dolomites (Fig. 9C). The higher ZREE contents of the other Tengger Formation
dolomites, and the shape of their REEN profiles, suggest there was an enhanced influx of REEs.
Michard (7989) suggested that a decrease in fluid pH may increase XREE content, and laboratory
experiments (Pourret et al., 2007) demonstrated that enhanced alkalinity can lead to HREE
enrichment. Thus hydrothermal fluids with higher alkalinity could have produced the Md dolomites,
resulting in more pronounced HREE enrichment (Fig. 9B). Increased mixing with lake water would
decrease the pH of the hydrothermal fluid, accounting for the higher XREE of Md dolomites. The
pH and alkalinity would continue to decrease as the fraction of lake water increased, resulting in
precipitation of Fd1 and Fd2 dolomites with higher REE contents and greater HREE depletion (Fig.
9A). There may also be a REE contribution from the non-carbonate fraction, such as siliciclastics
which make up more than 5% of the deposits and are typically REE-rich (Banner et al., 1988). The
association of Fd1 and Fd2 dolomites with normal lacustrine sediments (feldspars and clays) may
also contribute to their relatively higher XREE content. Moreover, all dolomites show similar Eu
and Ce anomalies, indicating formation under stable redox conditions, such as would be expected
with deposition in a deep lake. The Fd1, Fd2 and Md dolomites could have inherited a positive Tb
and negative Dy anomaly from a hydrothermal fluid, and a positive Yb anomaly from lake water,
because the chemical features of other REEs change systematically along the REE series of parent

fluids rather than environment (Sholkovitz and Shen, 1995).

The supporting evidence above provides clear evidence that the dolomites of the Tengger
Formation formed under the influence of both hydrothermal fluids and lake water, with the different
dolomite types reflecting different degrees of mixing between two fluids. Theses dolomites thus
show important differences from those found in the Tarim and Sichuan basins that appear to have
result from alteration of limestone by hydrothermal fluids. The latter are identified as products of a
replacement reaction based on preservation of depositional textures and development of zebra and
brecciated textures, none of which are seen in the Tengger Formation dolomites, as well as
geochemical features inherited from the precursor limestone (e.g. Dong et al., 2016, Feng et al.,

2017).
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CONCLUSIONS

Based on petrographic features, elemental composition, oxygen and carbon isotopic composition,
REE contents and fluid inclusion properties, the following conclusions are drawn about the Tengger

Formation dolomites in the Baiyinchagan Sag of the Earlian Basin.
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1 Four different types of dolomite can be recognized: fine-crystalline dolomite present either
as white matrix-supporting grains (Fd1) or as dolomitic mudstone (Fd2); medium-crystalline
dolomite (Md) composed of white laminae and bands; and rare coarse dolomite (Cd) occurring
as saddle dolomite filling fractures. Importantly, dolomites are mixed or interbedded with
lacustrine terrestrial sediments, suggesting synchronous deposition, and co-occur with natrolite,

analcime, Fe-bearing magnesite, pyrite and barite.

2 The fine-crystalline dolomites (Fd1 and Fd2) have a similar geochemical composition to
the Cd dolomite in terms of a high FeO content, while the Md dolomites have the highest CaO
and MgO contents and lowest FeO contents. This demonstrates that the Tengger Formation

dolomites must have formed under the influence of Fe-rich and Mg-rich hydrothermal fluids.

3 The Md dolomites precipitated at high temperatures from hydrothermal fluids that mixed
with a relatively minor amount of lake water local to the vents, that may thus have had a higher
alkalinity than the fluids that formed the Fd dolomites. As the hydrothermal plume expanded
within the lake the fluids would have retained a relatively high but decreased alkalinity,
producing the Fd1 dolomites accompanied by white grains. Mixing of increasing amounts of
lake water with the hydrothermal fluid, would have reduced temperatures still further and
precipitated the Fd2 dolomites. At a later stage high temperature Cd dolomite precipitated

locally to fill fractures.

4 A combination of the geological setting and the petrography and geochemistry of the
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dolomites, suggests strong localized discharge of very high-temperature saline-alkaline
hydrothermal fluids through boundary faults and accompanying fractures, under an abnormally
high heat flux. This hydrothermal fluid mixed with cold lake water, creating conditions
favourable to the precipitation of dolomite and associated minerals. The chemical and physical
processes that lead to accumulation of the Tengger Formation thus reflect both hydrothermal
and sedimentary processes. The hydrothermal fluids would have supplied the basic chemical
components for formation of the dolomites, while the lake water moderated the composition

and temperature of the hydrothermal fluid and served as a depositional environment.
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Fig. 1. (A) Location of the Baiyinchagan Sag in the Erlian Basin of northern China; (B) Simplified

structure map of the Baiyinchagan Sag; (C) Detailed stratigraphic column of the Lower Cretaceous

in Baiyinchagan (after drilling data of Zhongyuan Oilfield, 2008); (D) Structural cross section of a

half-graben in the westernmost area of the basin (modified from Wang, 2006).
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Fig. 2. Isopach map of dolomite of the Upper Member of the Tengger Formation in the study area
modified from Guo et al., (2014). The well log response of dolomite-bearing and redeposited
terrigenous lacustrine rocks was characterized for cored wells, and used to estimate the total
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Fig. 3. Regional stratigraphic correlations in the Upper Member of the Tengger Formation along the NW-SE direction in cross-section B-B’, the location of the section

is given in Fig. 2. In the green rectangle, unique structures and contact relation of dolomite-bearing rock and corresponding dolomite types are described in detail

according to core from the Well X3-69. Photos of continuous cores located in the top of Well X3-69 show different types of dolomites with nature of their contact.
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Fig. 4. Core photos, photomicrographs and SEM images showing the petrographic features of the
fine-crystalline (Fd1 and Fd2) dolomite and their mineral assemblage within the Upper Member of
the Tengger Formation. (A) Core showing white elongated grains composed of natrolite and
analcime occurring in the dark-grey matrix of Fd1 dolomite and terrigenous feldspar, and grains
gradually growing larger upwards from Well X3-69 at depth of 1795.46 ~ 1797.36 m. (B) Core
showing white elongated grains, with larger white breccia clasts scattered in the matrix from Well

X3-69 at a depth of 1787.14 m. (C) Core showing white small spherical grains dominated by
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analcime and dolomite occurring in the dark-grey matrix from Well X36 at the depth of 2427.0 m.
(D) Core showing white irregular and droplet-shape grains made up of natrolite and Fe-bearing
magnesite occurring in the in the dark-grey matrix from Well X3-69 at the depth of 1832.15 m. (E)
Core showing Fd2 dolomite and terrigenous sediments composing massive argillaceous dolomite
from Well X3-69 at the depth of 1798.46 m. (F) Photomicrograph (cross-polarized light) of grains
of natrolite and pyrite floating in the matrix, red rectangle showing terrigenous laminae wrapping
around grains, from Well X3-69 at the depth of 1771.8 m. (G) SEM image showing euhedral
natrolite and forming assemblage from Well X3-69 at the depth of 1784.94 m. (H) Photomicrograph
(cross-polarized light) of red rectangle from (C) showing grains composed of analcime with
magnesite and dolomite from Well X36 at the depth of 2427.0 m. (I) SEM image showing octahedral
analcime and euhedral magnesite from Well X3-69 at the depth of 1782.2 m. (J) SEM image
showing cubic pyrite from Well X3-69 at the depth of 1776.8 m. (K) Photomicrograph (plane-
polarized light) showing barite in fill of intracrystalline pore within natrolite from Well X26 at the
depth of 1824.3 m. (L) Photomicrograph (cross-polarized light) showing laminar structure with
alternation of Fd2 and terrigenous sediment layers from Well C7 at the depth of 1206.97 m. (M)
SEM image showing anhedral to subhedral Fd1 dolomite and anhedral albite around natrolite from
Well X3-69 at the depth of 1771.8 m. (N) CL image showing Fd2 dolomite with a dull red
luminescence commixed with terrestrial sediment minerals from Well C7 at the depth of 1206.97 m.
Abbreviations are as follows: Ab = albite, Anl = analcime, Brt = barite, Dol = dolomite, I11 = illite,

Mgs = magnesite, Ntr = natrolite, Py = pyrite, TS = terrigenous sediments.
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(A B ume
M

Fig. 5. Core photos and microscopic images showing the petrographic features of the medium-
crystalline (Md) dolomite within the Upper Member of the Tengger Formation. (A and B) Core
image showing white laminae of Md dolomite alternating with dark-grey terrigenous laminae, and
developing syn-sedimentary soft deformation, folding and faults within white laminae from Well
X32 and Well X3-69 at the depth 0of 2074.14 m and 1822.51m, respectively. (C) Core image showing
soft deformation within white bands, and white bands breaking into breccia within dolomitic
mudstone from Well X3-69 at the depth of 1795.46 m. (D) Core image showing white bands of Md
dolomite overlying mudstone and deformation induced by syn-sedimentary faulting from Well26,
1832.24 m. (E and F) Paired photomicrographs (plane-polarized and cross-polarized light) of red
rectangle in (B) showing Md dolomite associated with natrolite, analcime and calcite from Well X3-
69 at the depth of 1822.51 m. (G) EPMA-BSE image of red rectangle in (E) showing white laminae
of Md dolomite accompanying with natrolite and pyrite, and dark-grey laminae composed of
subhedral albite from Well X3-69 at the depth of 1822.51 m. (H) SEM image of interlocking Md
dolomite assemblage from Well C39 at the depth of 2337.3 m. (I) CL photomicrograph of Md
dolomite and natrolite (yellow rectangle) showing no luminescence and intercrystal pores filled by
calcite having dull-red luminescence from Well X3-69 at the depth of 1776.8 m. (J) Image from

Well 36 at the depth of 2429.2 m. Abbreviations are as follows: Ab = albite, Anl = analcime, Cc =
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calcite, Mgs = magnesite, Ntr = natrolite, Py = pyrite.
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Fig. 6. Images showing the petrographic features of the coarse-crystalline (Cd) dolomite within the

Upper Member of the Tengger Formation. (A) Core photo showing massive Cd dolomite filling

fractures that crosscut the bedded and postdate Fdl and Fd2 dolomite and develop into the latter

eventually, and develop not fully-filled voids from Well C31 at the depth of 2050.57 m. (B)

Photomicrograph (cross-polarized light) of red rectangle in (A) showing intercrystal pores between

Cd dolomite (slight blue stained with Alizarin Red-S and K-ferricyanide) from Well C31 at the depth

0f 2050.57 m. (C) Photomicrograph (plane-polarized light) showing Cd dolomite, cloudy and non-

planar crystals size exceeding 1 mm (slight blue stained with Alizarin Red-S and K-ferricyanide)

accompanied by abundant magnesite from Well C31 at the depth of 2050.57 m. Abbreviations are

as follows: Anl = analcime, Mgs = magnesite.
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Fig. 7. (A and B) Cross-plots of major-element composition of fine-crystalline (Fd1 and Fd2),
medium-crystalline (Md) and coarse-crystalline (Cd) dolomite within the Upper Member of Tengger

Formation in the study area, showing relationships between MgO, CaO and FeO.
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Fig. 8. Cross-plot of "0 and 8'°C stable isotopes values including the Upper Member of Tengger
Formation dolomite occurrences. Isotopic composition of Fdl dolomite, Md dolomite and Cd
dolomite all lying in the red dashed box, distinguished from Fd2 dolomite lying in blue dashed box
and dolomite cement in mudstone lying in black dashed box. The composition of oxygen and carbon
isotopes are compared with other dolomites with different genesis, e.g., two hydrothermal dolomites
from Canada and West Spain (Herrero et al., 2011, Haeri-Ardakani et al., 2013), shallow burial
dolomite from Junggar Basin (Lu et al., 2015), Coorong Type A Mg-rich and Type B Ca-rich

dolomite (Warren, 2000), and microbial dolomite from Abu Dhabi (Bontognali et al., 2010).
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Fig. 9. The NASC normalized REE patterns of dolomites from the Upper Member of Tengger
Formation prensent in the study area. The REEy patterns are divided into four types: (A) the REEn
pattern of Fd1 dolomite and Fd2 dolomite; (B) the REEy pattern of Md dolomite; (C) the REEx

pattern of Cd dolomite; (D) the REEN pattern of mudstone.

Fig. 10. Photomicrograph of fluid inclusions. (A) Isolated two-phase (liquid-vapour) primary
inclusion in Md dolomite with small vapour bubble (yellow arrow); (B) Example of two-phase

primary aqueous inclusions in natrolite (yellow arrow).
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Fig. 11. (A) Histogram of homogenization temperatures of fluid inclusions in Md dolomites. (B)
Histogram of homogenization temperatures (71) of fluid inclusions in natrolite. (C) Cross-plot of
homogenization temperatures (7h) and salinities of fluid inclusions from Md dolomite and natrolite,

showing a trend of increasing temperature and salinity from Md dolomite to natrolite.



Table 1. Summary of EPMA results for dolomites and associated minerals.
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CaO MgO FeO Sro MnO ZnO Na,O AlL,O3 SiO, K,0 TiO, Mg/Ca  SiAl

(Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%) (Wt.%)
Fd1 dolomite
Mean 24.54 14.13 7.78 0.16 0.22 0.02 0.19 0.33 1.45 0.25 0.07 0.80 \
Standard [1.66 1.56 1.61 0.10 0.10 0.03 0.14 0.61 2.57 0.49 0.09 0.07
Maximum 27.35 17.09 10.87 0.37 0.51 0.09 0.50 2.05 9.03 1.65 0.39 0.92 \
Minimum 20.04 11.21 4.79 0.00 0.09 0.00 0.02 0.00 0.13 0.02 0.00 0.67 \
N=number 19
Fd2 dolomite
Mean 25.66 14.83 7.42 0.14 0.21 0.02 0.18 0.33 0.83 0.16 0.07 0.81 \
Standard [1.13 1.17 1.96 0.05 0.10 0.02 0.11 0.29 0.62 0.15 0.08 0.08 \
Maximum 27.26 16.80 10.56 0.21 0.38 0.07 0.37 0.77 1.88 0.51 0.25 0.95 \
Minimum 24.27 13.13 5.06 0.07 0.09 0.00 0.06 0.03 0.30 0.04 0.01 0.72 \
N=number 10
Md dolomite
Mean 26.84 18.10 4.47 0.08 0.25 0.02 0.22 0.27 1.09 0.16 0.10 0.94 \
Standard [1.51 1.24 1.08 0.05 0.07 0.02 0.20 0.69 2.23 0.30 0.30 0.04
Maximum 30.18 20.66 7.96 0.19 0.39 0.06 0.83 3.07 10.13 1.35 1.38 1.01 \
Minimum 23.41 16.48 2.88 0.00 0.08 0.00 0.00 0.00 0.08 0.01 0.00 0.80 \
N=number 35
Cd dolomite
Mean 26.50 15.44 7.68 0.08 0.30 0.02 0.09 0.02 0.13 0.09 0.05 0.81 \
Standard [2.28 1.66 1.23 0.08 0.05 0.02 0.12 0.03 0.15 0.12 0.18 0.04 \
Maximum 29.89 18.02 9.40 0.21 0.37 0.07 0.45 0.13 0.68 0.46 0.75 0.86 \
Minimum 22.01 11.81 5.43 0.00 0.21 0.00 0.01 0.00 0.04 0.01 0.00 0.73 \
N=number 17
Natrolite
Mean 0.07 0.03 0.07 \ \ 0.02 12.86 27.28 49.46 0.03 0.02 \ 1.82
Standard [0.08 0.02 0.06 0.00 0.01 0.02 3.56 1.89 2.47 0.02 0.02 \ 0.05
Maximum 0.39 0.10 0.22 \ \ 0.08 17.49 30.71 54.40 0.09 0.06 \ 1.88
Minimum 0.00 0.00 0.00 \ \ 0.00 6.58 22.66 42.64 0.01 0.00 \ 1.71
N=number 21
Analcime
Mean 0.13 0.06 0.11 \ \ 0.02 11.19 21.53 55.65 0.48 0.02 \ 2.59
Standard [0.07 0.04 0.07 0.00 0.01 0.02 2.87 1.16 2.06 1.09 0.04 \ 0.13
Maximum 0.33 0.17 0.28 \ \ 0.05 15.25 23.68 58.75 5.13 0.16 \ 2.88
Minimum 0.04 0.01 0.01 \ \ 0.00 6.65 19.49 52.05 0.03 0.00 \ 2.33
N=number 24
Fe-bearing magnesite
Mean 0.37 15.92 3251 0.00 0.53 0.03 0.13 0.08 0.26 0.03 0.02 \ \
Standard [0.08 3.64 0.13 0.34 0.00 0.04 0.37 0.03 0.10 3.81 0.04 \ \
Maximum 1.09 21.05 36.43 0.01 0.64 0.10 0.36 0.36 1.21 0.15 0.11 \ \
Minimum 0.04 11.27 26.75 0.00 0.36 0.00 0.08 0.00 0.06 0.00 0.00 \ \

N=number 10




Table 2. Summary of carbon and oxygen isotopic compositions and REE contents of dolomites.
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580 s8¢ La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y SREE LREE HREE LREE/MRILayYby SEu 5Ce

(VPDB) (VPDB) (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)
Fd1 dolomite
Mean -13.5 2.8 46.80 90.19 10.59 40.89 7.38 1.23 5.69 0.88 4.22 0.79 2.28 0.38 2.45 0.32 23.28 214.08 197.07 17.01 11.85 2.09 0.88 0.95
Standard Deviation 2.2 0.9 14.01 26.76 3.10 11.62 2.19 0.31 1.48 0.21 1.06 0.21 0.61 0.11 0.77 0.09 6.72 58.04 56.32 3.77 3.20 0.85 0.09 0.01
Maximum -11.0 3.7 72.70 142.00 16.70 62.50 11.00 1.75 8.58 1.24 5.66 1.14 3.19 0.54 3.72 0.47 33.50 328.08 306.65 21.43 17.89 3.27 1.10 0.97
Minimum -18.0 14 29.50 56.60 6.54 25.30 4.82 0.82 3.75 0.60 2.85 0.56 1.57 0.24 1.59 0.20 15.70 135.15 123.59 11.57 7.19 1.02 0.79 0.94
N=number of 9
Fd2 dolomite
Mean -6.8 4.9 42.50 86.44 10.66 43.00 8.68 1.50 6.66 1.07 5.10 0.91 2.47 0.40 243 0.32 25.58 212.14 192.77 19.37 10.00 1.83 0.90 0.96
Standard Deviation 1.5 25 14.03 28.21 3.38 13.37 2.60 0.45 191 0.30 133 0.22 0.58 0.09 0.55 0.07 6.34 64.14 61.19 4.45 2.28 0.66 0.05 0.01
Maximum -4.3 8.6 66.80 131.00 15.60 59.80 11.80 2.08 9.11 1.56 7.25 121 3.17 0.51 3.16 0.42 33.30 30756 286.28 26.15 13.46 2.85 0.99 0.97
Minimum -8.5 14 28.00 57.90 6.83 26.40 5.03 0.88 3.95 0.64 3.37 0.65 1.80 0.28 1.71 0.22 17.90 141.25 128.24 13.02 6.56 0.89 0.83 0.93
N=number of 5
Md dolomite
Mean -14.8 34 31.25 59.38 6.95 27.11 6.09 1.23 6.27 1.29 7.70 151 4.08 0.69 4.22 0.56 43.09 158.32 132.01 26.31 5.26 0.77 0.90 0.95
Standard Deviation 2.5 0.8 3.57 7.18 0.90 4.27 1.84 0.49 221 0.42 219 0.35 0.84 0.12 0.69 0.09 10.29 18.72 16.04 6.40 111 0.16 0.06 0.01
Maximum -10.5 45 37.30 70.70 8.12 33.20 9.84 2.37 11.50 2.25 11.90 1.98 5.22 0.84 5.15 0.69 59.50 180.81 153.78  38.64 6.69 1.00 1.02 0.96
Minimum -18.4 1.7 27.30 49.80 5.52 20.50 4.24 0.79 4.20 0.84 4.69 0.91 2.55 0.48 2.99 0.42 25.90 126.13 109.05 17.08 3.37 0.54 0.84 0.93
N=number of 10
Cc dolomite
Mean -15.3 35 21.45 42.80 5.07 19.45 3.59 0.87 2.98 0.50 2.38 0.45 1.20 0.21 131 0.17 12.40 102.41  93.23 9.19 10.20 1.66 121 0.97
Standard Deviation 1.6 0.5 219 3.96 0.38 1.34 0.18 0.12 0.11 0.05 0.21 0.02 0.05 0.00 0.17 0.02 0.14 7.31 7.94 0.63 1.56 0.38 0.18 0.00
Maximum -14.2 3.9 23.00 45.60 5.34 20.40 3.72 0.95 3.06 0.53 2.52 0.47 1.23 0.21 1.43 0.19 12.50 107.58 98.84 9.63 11.30 1.93 1.34 0.97
Minimum -16.4 3.2 19.90 40.00 4.80 18.50 3.46 0.78 2.90 0.46 2.23 0.43 1.16 0.21 1.19 0.16 12.30 97.24 87.61 8.74 9.10 1.39 1.08 0.96
N=number of 2
Mudstone
Mean -3.0 -3.3 49.03 94.17 11.12 43.70 8.44 1.55 7.43 1.29 6.86 1.35 3.60 0.60 4.03 0.49 38.17 233.64 208.00 25.64 8.23 1.30 0.89 0.95
Standard Deviation 0.6 1.8 6.63 10.68 1.09 4.70 1.05 0.29 0.93 0.19 1.20 0.34 0.97 0.14 1.46 0.10 8.03 27.65 23.12 5.30 0.97 0.35 0.15 0.03
Maximum -2.5 -2.0 54.60 103.00 12.10 48.50 9.60 1.79 8.42 151 8.23 1.74 4.65 0.76 5.68 0.59 46.90 257.21 225.63 31.58 9.03 1.56 1.06 0.98
Minimum -34 -4.6 41.70 82.30 9.95 39.10 7.56 1.22 6.57 1.16 6.02 1.09 2.75 0.48 291 0.39 31.10 203.20 181.83 21.37 7.15 0.90 0.79 0.92
N=number of 3




Table 3. Fluid-inclusion microthermometry of medium-crystalline dolomite and natrolite.

Sample Host mineral Location Numper of Th(o(_:) — Tm(".C) — Salir.1ity (eq. Wt% NaCl
inclusions Maximum Minimum Mean Maximum Minimum Mean Maximum Minimum Mean
Md dolomite 1 3 177 173 175 -8.1 -11 -9.6 15.0 11.8 134
Md dolomite 2 3 192 181 185 -11.7 -11.7 -11.7 15.7 15.7 15.7
X31-2080.04 Md dolomite 3 1 217 217 217 -12.1 -12.1 -12.1 16.1 16.1 16.1
Md dolomite 4 2 206 192 199 -10.7 -10.7 -10.7 14.7 14.7 14.7
Md dolomite 5 1 237 237 237 -13.2 -13.2 -13.2 17.1 17.1 17.1
Md dolomite 6 4 190 169 178 -15.3 -17.2 -16.3 20.4 18.9 19.6
Md dolomite 1 1 204 204 204 -13.4 -13.4 -13.4 17.3 17.3 17.3
X3-69-1822 51 Md dolom?te 2 3 177 167 172 -16.1 -19.4 -17.8 22.0 19.5 20.7
Md dolomite 3 2 184 182 183 -14.5 -17.4 -16.0 22.0 195 20.7
Md dolomite 4 3 185 172 180 -16 -21.2 -18.6 23.2 19.5 21.3
Md dolomite 1 2 238 234 236 -10.2 -10.2 -10.2 14.2 14.2 14.2
X3-69-1826.6 Md dolomite 2 1 188 188 188 -10.1 -10.1 -10.1 14.0 14.0 14.0
Md dolomite 3 2 231 230 231 -12.9 -12.9 -12.9 16.8 16.8 16.8
Md dolomite 4 3 262 244 253 -13.8 -15.6 -14.7 19.1 17.6 18.4
Md dolomite 1 2 283 269 276 -14.2 -14.2 -14.2 18.0 18.0 18.0
X32-2074.14 Md dolomite 2 1 236 236 236 -11.2 -11.2 -11.2 15.2 15.2 15.2
Md dolomite 3 2 272 269 271 -12.9 -13.7 -13.3 17.5 16.8 17.2
Natrolite 1 2 307 293 300 -16.5 -18.4 -17.5 21.3 19.8 20.6
Natrolite 2 3 322 308 316 -20.5 -21.3 -20.9 23.2 22.7 229
X32-1816.6 Natrolite 3 2 289 286 288 -20.4 -20.4 -20.4 22.7 22.7 22.7
Natrolite 4 2 314 304 309 \ \ \ \ \ \
Natrolite 5 3 305 292 300 -21.1 -21.1 -21.1 23.1 23.1 23.1
Natrolite 1 1 265 265 265 -16.9 -16.9 -16.9 20.2 20.2 20.2
Natrolite 2 1 297 297 297 -17.4 -17.4 -17.4 20.5 20.5 20.5
X3-69-1832 Natrolite 3 2 332 320 326 -19 -19 -19.0 21.7 21.7 21.7
Natrolite 4 2 345 333 339 -17.2 -19.3 -18.3 219 20.4 21.1
Natrolite 5 1 318 318 318 \ \ \ \ \ \
Natrolite 1 2 245 232 239 -18.8 -18.8 -18.8 215 215 215
Natrolite 2 1 323 323 323 -25.2 -25.2 -25.2 25.7 25.7 25.7
X3-69-183L75  Natrolite 3 1 271 271 271 \ \ \ \ \ \
Natrolite 4 1 281 281 281 -23.4 -23.4 -23.4 24.6 24.6 24.6
Natrolite 1 1 256 256 256 \ \ \ \ \ \
Natrolite 2 1 287 287 287 \ \ \ \ \ \
X26-1816.33 Natrolite 3 2 351 346 349 -22.8 -23.4 -23.1 24.6 24.2 24.4
Natrolite 4 1 301 301 301 -18.7 -18.7 -18.7 215 215 215




Table S1. Thickness statistics of observed cores in the study area.

NO. [Well name |[Stratigraphy Top depth of core (m)|Bottom depth of core (m) |Total length of core (m) |Thin section NO.
1 X3-69 Upper Member of the Tengger Fm. [1767.3 1834.36 67.06 28
2290.92 2299.16
2 X36 Upper Member of the Tengger Fm. 24242 2432.54 16.58 11
1577.3 1585
1740.41 1748
3 X2 Upper Member of the Tengger Fm. 211334 212133 31.28 5
2250 2258
4 X26 Upper Member of the Tengger Fm. [1775.2 1851.43 76.23 18
2011.14 2083.14
5 X31 Upper Member of the Tengger Fm. 2993.07 3000 78.93 19
6 X32 Upper Member of the Tengger Fm. |1817.6 1834.55 16.95 6
1679.83 1687.83
7 C36 Upper Member of the Tengger Fm. 2261 2268 15 1
Upper Member of the Tengger Fm. |2336.52 2341.27
8 €39 Lower Member of the Tengger Fm. |2888.49 2894.1 10.36 5
Sum 312.39 93
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Table S2. Detailed carbon and oxygen isotopic compositions and REE contents of dolomites.

Sample Petrography 50 s°c La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y SREE LREE HREE REE/MREILayYby SEu 5Ce
(VPDB) (VPDB) (ppm)  (ppm)  (ppm) (ppm) (ppm) _ (ppm)  (ppm) (ppm) _ (ppm) _ (ppm) (ppm) (ppm)  (ppm) _ (ppm) (ppm) _ (ppm) _ (ppm) (ppm)

X26-1816.33 Fd1 dolomite \ \ 31.00 62.40 7.93 33.20 6.67 1.34 4.68 0.66 3.13 0.59 1.75 0.29 1.92 0.25 16.90 155.81 142.54 13.27 10.75 1.62 1.10 0.94
X26-1818.4 -14.0 3.2 52.60 108.00 13.10 54.20 10.70 155 7.26 1.00 3.90 0.67 1.88 0.27 161 0.22 18.70 256.95  240.15 16.80 14.29 3.27 0.80 0.97
X26-1832 -13.2 3.6 29.50 56.60 6.54 25.30 4.82 0.83 3.75 0.60 3.05 0.57 1.57 0.24 1.59 0.20 15.70 135.15 123.59 11.57 10.68 1.86 0.89 0.96
X31-2032.5 -14.2 1.4 61.60 108.00 11.60 39.10 5.08 0.82 4.39 0.63 2.85 0.56 1.69 0.30 1.95 0.27 17.10 238.84  226.20 12.65 17.89 3.16 0.79 0.95
X31-2046.98 -14.8 3.5 72.70 142.00 16.70 62.50 11.00 1.75 8.58 1.24 5.22 0.86 2.39 0.39 2.42 0.34 24.90 328.08 306.65 21.43 14.31 3.01 0.82 0.96
X36-2429.2 -18.0 1.6 46.80 92.70 11.00 43.50 7.72 1.33 5.97 0.93 4.57 0.89 271 0.50 2.99 0.36 27.00 221.96 203.05 18.91 10.74 1.57 0.90 0.96
X3-69-1772.8 -11.4 3.2 42.20 82.80 10.10 39.40 6.87 1.09 5.53 0.98 5.34 1.06 3.08 0.52 3.38 0.42 32.40 202.77 182.46  20.31 8.98 1.25 0.81 0.95
X3-69-1778.5 -11.0 3.7 38.00 69.00 7.72 29.90 6.18 1.14 5.39 1.02 5.66 1.14 3.19 0.54 3.72 0.47 33.50 173.07 151.94 21.13 7.19 1.02 0.90 0.95
X3-69-1826.01 -11.7 2.1 \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \

Mean -13.5 2.8 46.80 90.19 10.59 40.89 7.38 1.23 5.69 0.88 4.22 0.79 2.28 0.38 2.45 0.32 23.28 214.08 197.07 17.01 11.85 2.09 0.88 0.95
Standard Deviation 22 0.9 14.01 26.76 3.10 11.62 2.19 0.31 1.48 0.21 1.06 0.21 0.61 0.11 0.77 0.09 6.72 58.04 56.32 3.77 3.20 0.85 0.09 0.01
Maximum -11.0 3.7 72.70 142.00 16.70 62.50 11.00 1.75 8.58 1.24 5.66 1.14 3.19 0.54 3.72 0.47 33.50 328.08 306.65 21.43 17.89 3.27 1.10 0.97
Minimum -18.0 14 29.50 56.60 6.54 25.30 4.82 0.82 3.75 0.60 2.85 0.56 1.57 0.24 1.59 0.20 15.70 135.15 123.59 11.57 7.19 1.02 0.79 0.94
X32-1818.6 Fd2 dolomite -6.5 1.4 28.00 58.30 7.36 29.90 6.42 1.16 5.28 0.99 5.58 1.09 2.99 0.51 3.16 0.40 31.80 151.14 131.14  20.00 6.56 0.89 0.91 0.96
X3-69-1791.44 -4.3 6.4 48.50 105.00 13.30 55.80 11.80 1.89 9.11 1.56 7.25 121 3.17 0.47 2.96 0.42 33.30 262.44  236.29 26.15 9.04 164 0.83 0.97
X3-69-1801.76 -85 33 66.80 131.00 15.60 59.80 11.00 2.08 8.37 1.18 5.19 0.91 2.58 0.40 2.35 0.30 25.90 307.56 286.28 21.28 13.46 2.85 0.99 0.96
X3-69-1808.42 -8.1 5.0 31.20 57.90 6.83 26.40 5.03 0.88 3.95 0.64 3.37 0.65 1.81 0.33 1.99 0.28 17.90 141.25 128.24 13.02 9.85 157 0.90 0.93
X3-69-1812.95(2) -6.6 8.6 38.00 80.00 10.20 43.10 9.13 1.47 6.61 0.99 4.13 0.68 1.80 0.28 1.71 0.22 19.00 198.32 181.90 16.42 11.08 2.22 0.87 0.96
Mean -6.8 4.9 42.50 86.44 10.66 43.00 8.68 1.50 6.66 1.07 5.10 0.91 247 0.40 243 0.32 25.58 212.14 192.77 19.37 10.00 1.83 0.90 0.96
Standard Deviation 15 25 14.03 28.21 3.38 13.37 2.60 0.45 191 0.30 1.33 0.22 0.58 0.09 0.55 0.07 6.34 64.14 61.19 4.45 2.28 0.66 0.05 0.01
Maximum -4.3 8.6 66.80 131.00 15.60 59.80 11.80 2.08 9.11 1.56 7.25 121 3.17 0.51 3.16 0.42 33.30 307.56 286.28 26.15 13.46 2.85 0.99 0.97
Minimum -8.5 1.4 28.00 57.90 6.83 26.40 5.03 0.88 3.95 0.64 3.37 0.65 1.80 0.28 1.71 0.22 17.90 141.25 128.24 13.02 6.56 0.89 0.83 0.93
X2-1743.41 Md dolomite  -17.3 4.0 \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \

X3-69-1776.8 -13.2 35 30.10 55.50 6.52 24.60 4.78 0.89 4.60 1.03 6.52 1.40 3.97 0.71 4.39 0.55 40.80 145.56 122.39 2317 5.28 0.69 0.87 0.93
X3-69-1822.51 -10.5 4.5 27.30 55.00 6.74 29.10 9.84 2.37 11.50 2.25 11.90 197 4.78 0.78 4.81 0.65 53.50 168.99 130.35 38.64 3.37 0.57 1.02 0.96
X31-2076.84 -15.7 1.7 \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \

X31-2080.04 -12.2 2.7 32.10 63.90 7.94 33.20 7.78 1.50 7.27 1.46 8.68 1.69 4.76 0.77 4.71 0.62 49.20 176.38 146.42  29.96 4.89 0.68 0.91 0.94
X3-69-1771.3 -18.4 3.2 28.00 53.70 6.31 23.60 5.00 1.10 5.77 1.46 9.83 1.98 5.22 0.84 5.15 0.69 59.50 148.64 117.71  30.93 3.81 0.54 0.94 0.95
X3-69-1771.7 -13.2 3.9 30.50 57.00 6.45 23.80 4.26 0.79 4.41 0.97 6.02 1.24 3.32 0.55 3.49 0.48 35.50 143.29 122.80 20.48 6.00 0.87 0.84 0.96
X3-69-1785.5 -16.2 2.7 28.20 49.80 5.52 20.50 4.24 0.79 4.20 0.84 4.69 0.91 2.55 0.48 2.99 0.42 25.90 126.13 109.05 17.08 6.39 0.94 0.86 0.94
X3-69-1831.75 -14.0 3.1 37.30 70.70 8.03 30.50 6.09 1.16 6.01 1.10 6.24 1.26 3.54 0.63 3.72 0.50 34.80 176.78 153.78  23.00 6.69 1.00 0.88 0.96
X31-2083.9 -17.6 4.2 36.50 69.40 8.12 31.60 6.72 1.22 6.37 1.23 7.71 1.61 4.53 0.78 4.47 0.55 45.50 180.81 15356  27.25 5.64 0.82 0.85 0.95
Mean -14.8 3.4 31.25 59.38 6.95 27.11 6.09 1.23 6.27 1.29 7.70 151 4.08 0.69 4.22 0.56 43.09 158.32 132.01  26.31 5.26 0.77 0.90 0.95
Standard Deviation 25 0.8 3.57 7.18 0.90 4.27 1.84 0.49 221 0.42 2.19 0.35 0.84 0.12 0.69 0.09 10.29 18.72 16.04 6.40 111 0.16 0.06 0.01
Maximum -10.5 4.5 37.30 70.70 8.12 33.20 9.84 2.37 11.50 2.25 11.90 1.98 5.22 0.84 5.15 0.69 59.50 180.81 153.78  38.64 6.69 1.00 1.02 0.96
Minimum -18.4 1.7 27.30 49.80 5.52 20.50 4.24 0.79 4.20 0.84 4.69 0.91 2.55 0.48 2.99 0.42 25.90 126.13 109.05 17.08 3.37 0.54 0.84 0.93
X26-1829.38 Cd dolomite  -14.2 3.9 23.00 45.60 5.34 20.40 3.72 0.78 2.90 0.46 2.23 0.43 1.16 0.21 1.19 0.16 12.50 107.58 98.84 8.74 11.30 1.93 1.08 0.97
X31-2050.57 -16.4 3.2 19.90 40.00 4.80 18.50 3.46 0.95 3.06 0.53 2.52 0.47 1.23 0.21 1.43 0.19 12.30 97.24 87.61 9.63 9.10 1.39 1.34 0.96
Mean -15.3 35 21.45 42.80 5.07 19.45 3.59 0.87 2.98 0.50 2.38 0.45 1.20 0.21 1.31 0.17 12.40 102.41 93.23 9.19 10.20 1.66 1.21 0.97
Standard Deviation 1.6 0.5 219 3.96 0.38 1.34 0.18 0.12 0.11 0.05 0.21 0.02 0.05 0.00 0.17 0.02 0.14 7.31 7.94 0.63 1.56 0.38 0.18 0.00
Maximum -14.2 3.9 23.00 45.60 5.34 20.40 3.72 0.95 3.06 0.53 2.52 0.47 1.23 0.21 1.43 0.19 12.50 107.58 98.84 9.63 11.30 1.93 1.34 0.97
Minimum -16.4 3.2 19.90 40.00 4.80 18.50 3.46 0.78 2.90 0.46 2.23 0.43 1.16 0.21 1.19 0.16 12.30 97.24 87.61 8.74 9.10 1.39 1.08 0.96
X31-2993.67 Mudstone -3.4 -2.0 41.70 82.30 9.95 39.10 7.56 1.22 6.57 1.16 6.02 1.09 2.75 0.48 291 0.39 31.10 203.20 181.83  21.37 8.51 1.43 0.79 0.95
X2-1747.1 -2.5 -4.6 50.80 103.00 12.10 48.50 9.60 1.63 8.42 1.51 8.23 1.74 4.65 0.76 5.68 0.59 46.90 257.21 225.63  31.58 7.15 0.90 0.83 0.98
X32-1840.51 \ \ 54.60 97.20 11.30 43.50 8.15 1.79 7.30 1.19 6.32 1.23 3.39 0.56 3.50 0.48 36.50 240.51 216.54  23.97 9.03 1.56 1.06 0.92
Mean -3.0 -3.3 49.03 94.17 11.12 43.70 8.44 1.55 7.43 1.29 6.86 1.35 3.60 0.60 4.03 0.49 38.17 233.64 208.00 25.64 8.23 1.30 0.89 0.95
Standard Deviation 0.6 1.8 6.63 10.68 1.09 4.70 1.05 0.29 0.93 0.19 1.20 0.34 0.97 0.14 1.46 0.10 8.03 27.65 23.12 5.30 0.97 0.35 0.15 0.03
Maximum -25 -2.0 54.60 103.00 12.10 48.50 9.60 1.79 8.42 151 8.23 1.74 4.65 0.76 5.68 0.59 46.90 257.21 225.63  31.58 9.03 1.56 1.06 0.98

Minimum -3.4 -4.6 41.70 82.30 9.95 39.10 7.56 1.22 6.57 1.16 6.02 1.09 2.75 0.48 291 0.39 31.10 203.20 181.83 21.37 7.15 0.90 0.79 0.92




