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Abstract
Because few well-preserved hydrothermal channels have been found in terrestrial sedimentary rocks,
research on LTHA in geological history is relatively sparse. In this study, we present our original discovery
of “hydrothermal channels” from the Chang 7 source rocks of the Triassic Yanchang Formation in the
Ordos Basin, China, and provide the best evidence for deciphering LTHA preserved in the geological record
(i.e., sedimentary rocks). Three possible LTHA samples (i.e., samples 1551.6, 1551.6-2 and 1574.4) were
collected for this study; they were interbedded with mudstones and oil shales, indicative of a deep-lake
sedimentary environment. All three samples consist mainly of anhydrite, pyrite, and dolomite with the
formation of mineral zoning across the walls of these structures, suggesting a sulfate-dominated stage
and a carbonate-sul�de replacement stage. Moreover, their in situ geochemistry is characterized by high
Eu, U, Th, Sr, Mn and U/Th ratios, which are typical indicators of hydrothermal vents. In addition, their S
isotopes range from 7.89% to 10.88%, the magmatic sulfur accounted for approximately 94.3%, implying
a possible magmatic trigger for these hydrothermal channels. All this evidence shows that the Triassic
sedimentary rocks of the Ordos Basin probably contain LTHA. Comparing ancient LTHA to modern
hydrothermal chimneys, we should note the important implications of LTHA; their formation mechanism
may have been related to oil production, and they are possible indicators for future oil investigations.
Further, they have great signi�cance for studying the hydrothermal properties of primary dolomite.

Introduction
A submarine hydrothermal chimney is a tubular structure formed by the eruption of hydrothermal �uid on
the seabed. Its structure and chemical composition are closely related to the properties of the
hydrothermal �uid from which the chimney body formed. In the wall of a chimney with a thickness of 1 to
3 cm, there are very large geochemical, thermal and mineral combination gradients. A chimney contains
rich information about the properties of hydrothermal �uids and mineralization temperatures and records
the growth process and growth history of the chimney body [1, 2]. Based on the research results of
different hydrothermal chimneys, scientists have classi�ed them into 3 categories according to
temperature and mineral composition: "black chimney", "white chimney" and "silicon chimney"[3, 4, 5]. Over
the years, research on the cause and growth mechanism of hydrothermal chimneys has received
attention from the international academic community. Reconstructing the formation environment and
growth mechanism of the chimney body according to the different structural compositions of the
chimney body is one of the important aspects. The development of related research also involves many
topics, such as deep sea material circulation, energy transfer, the genesis of mineral deposits and even
the origin of life [6, 7]. However. The amount of research on LTHA in modern lakes is relatively low, and
there is even less research on lacustrine LTHA in geological history. The reason is that although they are
important specimens for studying hydrothermal mineralization and activity and extreme environments
throughout geological history, LTHA are easily destroyed during the burial process, and it is di�cult to �nd
complete samples. Fortunately, abundant samples of LTHA from the Chang 7 section of the Triassic
Yanchang Formation in the Ordos Basin were recently discovered by our team. Their tubular shapes and
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inner and outer walls are fully developed, so they are particularly valuable, they may be fragments and
channels of hydrothermal chimneys. They have opened up a new way to study the structural
characteristics and growth history of hydrothermal chimneys in continental basins in the Late Triassic.
and provide an excellent opportunity for the comparative study of modern and ancient hydrothermal
chimneys.

High-quality source rocks have been developed in the Chang 7 Member of the Upper Triassic Yanchang
Formation on the southern margin of the Ordos Basin. Previous studies[8, 9, 10, 11, 12] have also con�rmed
the occurrence of hydrothermal activity during the deposition of the source rocks. Based on research
about modern hydrothermal deposition and submarine black chimneys, we study the morphology,
material composition, structure, mineral characteristics, geochemical characteristics and formation
stages of hydrothermal channels, and we compare them with chimney samples from modern ocean
�oors and continental hydrothermal activity and discuss their geological signi�cance.

1 Regional Geological Background
The Ordos Basin is located in Central China. It is a lacustrine sedimentary basin that formed during the
Mesozoic. The basin area is approximately 25×104 km2 [13, 14, 15]. Its periphery is surrounded by Cenozoic
fault basins. The western part of the basin is a tectonic thrust belt and the Liupan Mountains, and the
southern part is the Weihe Basin and the Weibei uplift. The Jinxi �exural belt is located in the eastern part
of the basin. The northern part of the basin is adjacent to the Yimeng uplift and the Hetao Basin uplift.
The overall contours of the basin form a roughly north-south rectangle (Fig. 1). In the Late Triassic, the
basin contained the largest area of lake water, which covered almost the entire basin. Deep lake facies
developed on the southern margin of the basin, and thick layers of dark mudstone and oil shale that
compose the Chang 7 member of the Yanchang Formation were deposited, with a thickness of up to 100
m. This set of high-quality source rocks has strong hydrocarbon generation and expulsion capabilities
and is the main Mesozoic source rock in the basin. According to sedimentary cycles and lithologic
combination characteristics, it can be divided into 10 oil layer groups (Chang 10-Chang l) from bottom to
top. The Chang 7 section is subdivided into 3 subsections: Chang 7 − 3, Chang 7 − 2 and Chang 7 − 1.
During the Chang 7 sedimentation period, the basin subsided, and the depth of the lake increased,
reaching a depth of 60–80 m in the southern part of the basin. The area of the lake basin increased, and
a large area of deep water appeared, covering almost the entire Ordos Basin. In addition, during the Late
Triassic, hydrothermal deposition at the bottom of the lake[8], interlayers of tuff[16], turbidites[17],
deposition of sandy debris �ows[18], deposits of seismite, extensive development of sandstone veins and
mutations of sporopollen assemblages[13] accumulated that re�ect the strong structural characteristics
of the basin. In the context of strong tectonic activity in this region, basal ruptures may have been
activated[10], which created conditions for the development of LTHA in the basin.

2 Geological Characteristics Of Hydrothermal Chimneys
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The fragments and channels of the hydrothermal chimney studied in this paper were found in the Chang
7 − 1 section of the Triassic Yanchang Formation in the Z22 well, which is located in the southern part of
the Ordos Basin. The strata are dominated by dark siltstones and mudstones, with iron dolomite,
carbonates, and thin siliceous rocks. Gravity �ows such as sandy debris �ows and turbidites are
observed, and abundant fossils of animal microorganisms and plant debris are also distributed. In this
paper, three typical hydrothermal channels in the Zh22 well were selected for detailed analysis
(Fig. 2b,c,f). Numerous polished thin sections from the three channels samples (1551.6, 1551.6-2 and
1574.4) were examined microscopically to determine the mineral contents and textural characteristics of
the hydrothermal channels walls. Analyses of the same sections were made with an electron microprobe
to accurately determine speci�c mineral compositions and to document compositional zoning within
individual grains and across channels walls from interior to exterior.

 Hydrothermal channels are developed in oil shale and have a columnar shape when viewed in cross
section, with many branches converging upward (Fig. 3a,b,c). The results of mineralogical analysis show
that the minerals in the hydrothermal channels are mainly pyrite, anhydrite, barite, calcite, and dolomite
and small amounts of quartz and albite. The outermost skin of black smokers bears �ne-grained
pyrrhotite (Fe1 − xS), pyrite (FeS2) (Fig. 3d) and dolomite (CaMg(CO3)2) with textures matching those in
mineralogically similar black plume particulate assemblages. Within channels walls, a pyrrhotite-free
sul�de and carbonate assemblage of coarser, more euhedral FeS2 (pyrite and/or marcasite), dolomites
and calcites is present. These sul�des and carbonates often replace anhydrite outward along
crystallographic planes in the sulfate (Fig. 3e).  Observations of the vertical cross section of the
hydrothermal channel show that the channel structure of the chimney is clearly visible. The channel is
composed of a channel, inner wall, outer wall and surrounding rock. The main channel is associated with
branch channels, and the minerals and structures of the channel are zoned (Fig. 2d, e).  The parallel
cross section of the hydrothermal chimney channel contains 4 sedimentary layers. The bottom of the
hydrothermal channel is composed of dolomite and calcite and develops a chicken bone-like structure
(layer 1 in Fig. 2d, layer 1 in Fig. 2e, Fig. 3f); Pyrite layers are distributed on both sides of the hydrothermal
channel (layer 2 in Fig. 2d, layer 2 in Fig. 2e, Fig. 2f) and are formed by the precipitation of breccia pyrite
supplied by the hydrothermal channel (Fig. 3a). Dolomite and calcite with breccia structure develop in the
middle layer of the hydrothermal channel (layer 3 in Fig. 2d, layer 3 in Fig. 2e); dolomite and calcite have
a good degree of crystallinity, and the grains develop zoning (Fig. 3h), which is explained as the natural
growth of carbonate minerals in the hydrothermal environment. The breccia structure, saddle-like
structure, radial structure, etc., often appear at the top of the hydrothermal channel (layer 4 in Fig. 2d,
layer 4 in Fig. 2e), which is composed of dolomite, calcite, pyrite and microfauna fossils (Fig. 3g,i). The
above characteristics con�rm the existence of LTHA, and they record the development process of the
LTHA.

3 Sample Analysis And Experimental Methods
3.1 sample collection and processing
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From the bottom layer to the top layer, the researcher collected 11 samples of mudstone, 4 samples of
argillaceous siltstone, and 20 samples of hydrothermal sedimentary rock from the Chang 7 − 1 section of
the Yanchang Formation of the Triassic in the Zh22 well, with a total of 35 samples, in which LTHA were
found in samples 1551.6, 15516.-2 and 1574.4. During the sampling process, the in�uence of the
mechanical differentiation on sediment composition and the tendency of sampling differences are
minimized or eliminated. The sample collection and processing are described:  Three samples about
LTHA were ground into ordinary rock �akes. After observing the sedimentary structure of the rock
specimen and the composition, microstructure and �uorescence characteristics of the mineral under the
microscope, the samples with complete morphology were selected to be made into electron probe sheets
and SEM samples to determine the main elements, mineral components and microscopic mineral
structure.  The geochemical composition of pyrite particles, coarse-grained dolomite and coarse-grained
calcite was further analysed with LA-ICP-MS. Since the laser beam spot of this method is 36 µm, which is
much larger than that of micro-crystalline minerals and secondary enlarged mineral particles, only coarse-
grained mineral particles can be analysed.  For the preparation of SEM samples, according to the needs
of the experiment, a cube of 0.5×0.5×0.5 cm was made. The surface structure of the 6 sections was
intact and was not damaged. It was used after being sputtered with gold for conductive treatment. After
completing the above work, the rock samples were selected according to the characteristics of the
samples and the research needs for the main and trace elements, scanning electron microscopy and
other tests.

3.2 Analysis method

 A total of 48 sets of data were completed for in situ trace element and rare earth element experiments,
which were completed at the State Key Laboratory of Continental Dynamics, Northwest University. using
an Agilent 7500 ICP-MS instrument attached to a 193 nm excimer laser ablation system (Geolas 2005)
[12]. All measurements were performed in time-resolved mode with helium as the carrier gas. The carrier
�ow was optimized to obtain the maximum signal intensity for 238U+, while keeping the ThO+/Th+ ratio
below 0.5% and the U+/Th+ ratio close to 1 for the reference glass (SRM 610, National Institute of
Standards and Technology)[18].

 The main element was tested using a JXA-8100 electron probe system (15 kv, beam 1×10− 8A, beam
spot 1–5µm) and an X-ray energy spectrometer (LINK ISIS300, UK) to analyse the main elemental
constituents and contents of the different compositions of hydrothermal minerals, such as iron dolomite
and pyrite.

 The mineral characteristics and structure of the rock samples were observed using SEM (Model S-3200,
Hitachi, Ltd.) and an environmental SEM (Quanta Model 400, Phillips). The observation range is
approximately 1 cm2. A larger range of progressive scans was performed on the target sample (we can
see the hydrothermal chimney) and the control sample (no hydrothermal chimney sample).
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 Sulphur isotope analysis of pyrite was completed at the State Key Laboratory of Continental Dynamics,
Northwest University. The laser ablation system was manufactured by Resso, model RESOlution S-155.
The ArF excimer laser generator produces a 193 nm deep ultraviolet beam that is focused on the sulphide
surface by a homogenized optical path. The diameter of the laser beam spot is generally 33 µm, the
ablation frequency is 10 Hz, and the ablation is performed for 40 seconds. The high-purity helium gas is
used as a carrier gas and mixed with argon gas and nitrogen gas to enter the mass spectrometer. The
multi-receiver plasma mass spectrometer was manufactured by the Nu Instrument Corporation using the
model Nu Plasma II. The 34S/32S ratio of the standard sample and the sample point was obtained by
direct test, and the δ34SCDT value was calculated by the external standard correction (SSB method). The
standards used were the international sulphide standard NBS-123 sphalerite and the laboratory internal
standard WS-1 pyrite (Fig. 5e).

4 Results
The experimental analysis of electron probe, major elements, trace elements, rare earth elements and in-
situ S isotope of the LTHA samples in the study area has been completed. The speci�c experimental
results are as follows:

4.1 Electron probe analysis

The experiment results of electronic probe of the LTHA samples are shown in Table 1. A total of 19 points
of the 3 samples were analyzed. The samples are mainly composed of dolomite, calcite, pyrite, siderite,
and feldspar (Fig. 4). In the 1551.6, 1574.4 and 1551.6-2 samples, SiO2, Al2O3, FeO and CaO are the four
most abundant elements. In this study, 19 positions of the hydrothermal channel were selected to
complete the electron probe test. The results are shown in the Table 1. The experimental points of sample
1551.6 correspond to the 9 yellow stars in Fig. 2a. The SiO2 contents of points 7 and 8 were 57.255% and
58.108%, respectively, and the remaining positions contained almost no SiO2. The Al2O3 content of points
7 and 8 were 34.92% and 33.91%, respectively, and the remaining positions had very small contents of
Al2O3, ranging from 0.003–0.09%. The FeO contents of points 2 and 4 were 48.754% and 45.756%,
respectively, and the remaining positions had very small contents of Al2O3, ranging from 0.86–3.298%.
The CaO contents at points 1, 5, 6 and 9 were 55.696%, 55.355%, 60.486% and 58.097%, respectively, and
the CaO content in the remaining positions was small. Other major elements, such as MgO, Na2O, K2O,
MnO, TiO2 and P2O5, were rare. Except for point 3, the content of SrO was 0.052–0.846%, and the average
content was 0.412. In the �rst four positions of sample 1551.6-2 (The experimental points correspond to
the 5 yellow stars in Fig. 2b), CaO was the main element, and the value was located at 52.79 ~ 54.824%;
the �fth position was pyrite, and the main elements were Fe and S. In sample 1574.4, a total of 5
dolomite single mineral experiments were completed. Here, CaO was the main element, and the values
were located between 37.688 and 44.375.

4.2 Trace elements
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In this study, three typical samples about LTHA were selected, and a total of 49 positions were used for in
situ trace elemental analysis. The results are shown in Table 2. From the standard spider web map of
trace elements (Fig. 6a,c,e,g and i) shows that except for U, Nb, Pb, Ti and other elements, the content
�uctuates greatly, and the other elements have more consistent trends.  The in-situ trace element
experiment of sample 1551.6 was completed around three blue lines (the blue lines 123 in Fig. 5
represent different positions of the hydrothermal chimney respectively). Line 1 represents the passage of
the hydrothermal chimney. Studies have shown that: the U, Pb, and Sr contents are signi�cantly positive,
indicating that the material source of the jet channel is complex. Mixed with shell source material; Some
points of Eu are signi�cantly positive, and some are weak positive, which explains that the spray channel
mineral is formed in a high temperature environment, and the temperature away from the nozzle is
lowered. Line 2 represents the top position away from the hydrothermal channel, corresponding to layer 4
in Fig. 2d. Studies have shown that: U and P are signi�cantly abnormal, indicating that the hydrothermal
�uid brings nutrients to promote the improvement of the ancient productivity. Line 3 represents the pyrite
layer of the hydrothermal channel, corresponding to layer 3 in Fig. 2d. where Pb is signi�cantly abnormal,
close to 20,000, and Eu shows a weak positive anomaly.  The in situ trace elemental analysis of sample
1574.4 showed that U and Pb were signi�cantly positive and that Eu shows a weak negative anomaly. 
The in situ trace elemental analysis of sample 1551.6-2-1 showed that U and Pb were signi�cantly
positive and that Eu showed a weak negative anomaly. According to REYCN patterns of (k) high-
temperature hydrothermal �uids from the Broken Spur vent site, 29°N Mid-Atlantic Ridge, and (L) low-
temperature diffuse hydrothermal �ow at the TAG hydrothermal mound, 26°N Mid-Atlantic Ridge. They all
show that Eu is abnormal. In �g. b and f of this study, some samples also show positive abnormalities of
Eu.

From the standard REE distribution pattern of chondrite in the sample (Fig. 6b,d,f,h and j), it can be seen
that the changing characteristics of the curve are basically the same, showing that the fractionation is
obvious between the LREE and HREE; thus, the LREE is enriched and the HREE is relatively depleted.  In
sample 1551.6, the REE curve at the position of blue line No. 1 is relatively �at, the Eu content at some
points shows a positive anomaly, and the Eu content at some points is normal, indicating that the
formation temperature of the channel changes. The REE curve at the position of blue line No. 2 is
relatively �at, and all points of the Eu content show a weak negative anomaly. The REE curve of the pyrite
layer in the No. 3 blue line is relatively �at. Some points of the Eu content show positive anomalies, and
some points of the Eu content are normal, indicating that the formation temperature of the channel
changes; in addition, the mineral formation temperature near the hydrothermal channel is higher.
However, away from the hydrothermal channel, the mineral formation temperatures are low.  In sample
1574.4, the curve of LREE is steeper, the curve of HREE is relatively �at, and all points of the Eu content
show a weak negative anomaly.  In sample 1551.6-2-1, the curve of LREE is steep, the curve of HREE is
relatively �at, and all points of the Eu content show a weak negative anomaly. The REYCN model diagram
of the �uid at the vent of the 29°N Mid-Atlantic Ridge fracture (Fig. 6k), and the REE model diagram of the
TAG low-temperature hydrothermal vent in the Mid-Atlantic Ridge at 26°N (Fig. 6l), Eu is positive.
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According to the REE patterns of this study (Fig. b and f), some samples show positive abnormalities of
Eu.

4.3 Abnormalities of in situ S isotopes of pyrite

Traditional S, Pb isotope analysis mostly uses single mineral powder samples (bulk analysis). It is
di�cult to guarantee the purity of single mineral particles, and it is di�cult to separate the single mineral
samples formed under different genesis. Simultaneously, it is di�cult to �nely distinguish the ring bands
formed under different conditions for the sulphides of the developmental ring structure, so that the test
results are often indicating multi-sources[19]. Mixed values result in multiple solutions. NanoSIMS is
capable of in situ micro-analysis of micron-sized pyrite. It can accurately analyse single mineral particles
without destroying the particle structure and has high spatial resolution, which replaces the shortcomings
of traditional analytical methods. There are four main sources of sulphur on the earth: (1) mantle sulphur
(magma sulphur), δ34S value is close to 0, usually 0 ± 3‰; (2) seawater sulphur, usually characterized by
a large positive value; (3) sedimentary sulphur, in which the sulphur isotopic composition varies greatly
(-40‰ ~ 50‰); and (4) mixed sulphur, involving the mixing of two or more different sources of sulphur,
in which the level of the sulphur isotope is usually determined by the sulphur isotope composition and
mixing[20]. A �fth source of sulphur includes the sulphur reduction of hydrogen sulphide and sulphur
compounds by bacteria, which is generally less than − 5‰. Previous studies have shown that the sulfur
isotope values of sulfur-containing compounds in hydrothermal �uids not only depend on the average
isotope value of total sulfur in the hydrothermal �uid but also are constrained by physical and chemical
conditions, including oxygen fugacity, acidity and alkalinity, and temperature[20]. Therefore, the δ34S value
of precipitated sul�de does not simply represent the sulfur isotope composition of the hydrothermal �uid.
In general, under low oxygen fugacity and low acidity conditions, the δ34S value of the hydrothermal �uid
is similar to that of the sul�de. In the Late Triassic, the sedimentary environment on the southern margin
of the Ordos Basin produced a deep lake facies (Fig. 9), with reducing conditions and low oxygen
fugacity[12, 14]. The hydrothermal �uid was weakly acidic �uid with a low pH value[8] with sulfur mainly in
the form of H2S.Therefore, the d34S value of pyrite in the study area can approximately represent the

sulfur isotope composition of the hydrothermal �uids. We use the following formula[11, 20] to estimate the
proportion of magmatic sulfur in the hydrothermal �uid in the study area:

δ34S∑S = xδ34S(A)+δ34S(B), x + y = 1

where x and y represent the proportion of deep source magma sulfur and sedimentary sulfur, respectively,
and δ34S∑S represents the sulfur isotope composition of the hydrothermal �uid. The sulphur isotope
data of pyrite in the source rocks of the Zh22 well are shown in Table 3. The δ33Sv-CDT values of the 33
points ranged from 1.50 to 5.30, with an average of 4.883. The δ34Sv-CDT value ranged from 7.89 to
10.88, with an average of 8.388. The average d34S value of breccia pyrite is 8.49‰. δ34S(A) is the sulfur
isotope composition of magma, and its value is taken from the sul�de phase value of carbonaceous
chondrite (3.2‰)[22]. d34S(B) is the δ34S(B) value of formation sulfur, which is the average sulfur isotope
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value (5.37‰) of framboidal pyrite in the Chang 7 − 3 sub-member of the Triassic Yanchang
Formation[8]. The value of x is calculated to be 0.943. Therefore, the magmatic sulfur in the hydrothermal
�uids in the study area accounted for approximately 94.3%, and the remaining 5.7% was mixed with
sediment sulfur or lake water sulfur.

5 Discussion
5.1 Identi�cation of the cause of LTHA

Predecessors have carried out detailed studies on hundreds of active hydrothermal chimneys and
obtained preliminary important information on the geometry, geological characteristics, internal structure,
and mineral composition of the chimneys, which can also be used as an effective method to distinguish
LTHA in the geological record [23]. Through comparative studies, the mineral composition and structure of
the LTHA in this paper are very similar to those reported in previous studies on modern continental and
oceanic hydrothermal chimneys.  The channels of the hydrothermal chimneys found in the study area
are similar in appearance to the drainage structure of the sedimentary rocks, but the two are essentially
different. The drainage structure is mostly found in �ne sandstone and black mudstone. The planes form
irregular polygons, similar to the cracks on a turtle shell. The cracks formed by the drainage structure are
limited to the layer and the irregular mesh structure. The sandstone in the lower part of the vertical
section is lique�ed, and the upper mudstone is located within �ne veins and �nally penetrates to the top
surface of the mudstone to complete the discharge (Fig. 7i). The jet channel in Fig. 2e is �lled with calcite
and dolomite crystals; a large number of radial and saddle-like dolomite, euhedral pyrite and elongated
anhydrite crystals have developed around this area; the top consists of a �ower-like calcite structure, and
there are cryptocrystalline structures with stacked cone-shaped, leaf-like and harbor-like shapes. These
structures are related to hot air waves at the bottom of the lake.  The most signi�cant structural feature
of modern hydrothermal chimneys is that both the section perpendicular to the chimney and the section
parallel to the chimney show zoning. The former is manifested as the zoning of the channel, the inner
wall and the outer wall; the latter is often manifested as the formation of a dendritic shape in the upper
part of the chimney, retaining the spout structure. The phenomenon of chimney merging or branching is
very common, and multiple chimneys frequently cluster to form complex shapes. These include the
hydrothermal chimney from the Geological Museum in South Africa (Fig. 7d), the TAG hydrothermal
mound (Fig. 7h), and the Brothers submarine volcano (Fig. 7a, b and c). The hydrothermal channels in
this study (Fig. 7g) are similar in structure to hydrothermal chimneys from modern oceanic environments,
so the research method of modern oceanic hydrothermal chimneys is applied.  On the horizontal section,
modern hydrothermal chimneys often show concentric circles or complex mineral zoning[7]. The outer
wall of the chimney is composed of anhydrite, dolomite, calcite and pyrite. The inner wall is often
composed of coarse-grained sphalerite, pyrite, and anhydrite. The plate-like minerals grow vertically on
the inner wall and are arranged in a concentric shape and radiate outward. The rock mineral combination
of the black chimney in North China is siliceous rock and pyrite + anhydrite (Fig. 7j). Hydrothermal
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dolomite developed in the mining area of Sardinia, Italy (Fig. 7e); the radial structure of dolomite is
developed in the hydrothermal area of North Island, New Zealand (Fig. 7f).

On the basis of research on the structure, petrology, mineralogy, and geochemical characteristics of the
hydrothermal channel and the source of the S component in breccia pyrite, we have identi�ed the
mechanism of the LTHA samples. Generally, hydrothermal activity related to chimneys generates
abundant element sources for minerals. After the deposition of hydrothermal substances, the
abundances of elements in the sediments show anomalies, and they spread around the nozzle[4]. The
rocks formed are de�ned as hydrothermal sedimentary rocks, which are the product of precipitation after
the hydrothermal �uid is ejected from the bottom of the sea/lake and interacts with the sea/lake water[24].
Previous researchers have established a systematic and multi-index coexistence judgment criterion for
hydrothermal deposition through a large amount of research on marine hydrothermal deposition, and a
geochemical discrimination diagram is one of the methods used. Here, the Fe-Mn-(Cu + Co + Ni)×10
triangle (Fig. 8b)[25] and the SiO2/(K2O + Na2O)-MnO/TiO2 diagram (Fig. 8a)[26] are successfully applied

to the identi�cation of terrestrial hydrothermal deposition[10, 27]. The study area in this paper is
characterized by typical lacustrine hydrothermal deposition. Therefore, this paper refers to the
geochemical discriminant diagrams for hydrothermal sedimentary rocks to support the formation of
LTHA. In the SiO2/(K2O + Na2O)-MnO/TiO2 discrimination diagram of the sediment (Fig. 8a), all projection
points of the 1551.6 sample plot in the hydrothermal deposition zone; most of the projection points of the
1574.4 sample and the 1551.6-2 sample plot in the hydrothermal deposition zone, and a small number of
the projection point plot close to the hydrothermal-rich deposition zone. In the Fe-Mn-(Cu + Co + Ni)×10
discrimination diagram (Fig. 8b), some projection points of the 1551.6 sample plot in the hydrothermal
deposition area, some projection points plot in the hydrothermal deposition area of the Red Sea, and there
are 3 projection points that plot in the eastern Paci�c Ocean hydrothermal sedimentation area. Some
projection points of the 1574.4 sample plot in the hydrothermal deposition area, and some projection
points plot in the hydrothermal deposition area of the Red Sea; some projection points of the 1551.6-2
sample plot in the hydrothermal deposition area of the Red Sea, and other projection points plot close to
the hydrothermal-rich deposition zone.

5.2 Formation and growth of hydrothermal chimneys

In the Chang 7 depositional period of the Triassic Yanchang Formation, the Ordos Basin had the
characteristics of frequent event sedimentation, strong tectonic activity and activation of basement
faults, which created favorable conditions for hydrothermal jet activity[8]. According to the petrological
and mineralogical characteristics of hydrothermal chimneys in the study area, we established a
hydrothermal chimney formation model for the area (Fig. 2a). There are two main stages experienced by
the hydrothermal chimney in the study area.  The chimney walls are initially constructed upward from
the sea �oor by anhydrite precipitation from seawater. The anhydrite precipitates out of the seawater,
forming a structure with anhydrite as the �rst main mineral. Throughout the hot, active life of the
chimney, anhydrite continues to build the chimney walls upward and outward at the interface between the
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chimney and seawater. Metastable pyrrhotite precipitated at the chimney exterior is dissolved and
reprecipitated as pyrite when the exterior skin becomes incorporated within the chimney wall by the
outward accretion of anhydrite. The anhydrite of the hydrothermal chimney in the study area has a
relatively complete crystal form, which is elongated under SEM (Fig. 3e). In addition, the precipitation of
anhydrite causes the outer wall of the chimney body to usually have high calcium and strontium contents
(Table 2).  In the formation stage of sul�de and carbonate, due to the formation of the anhydrite wall of
the hydrothermal chimney, which prevents direct contact between the hydrothermal �uid and lake water,
dolomite, calcite and Cu-Fe-Zn sul�des begin to precipitate in all directions in the chimney and replace the
anhydrite. This introduces stage II, which is dominated by carbonate and sul�de precipitation. The
chimney at this point is growing upward (by precipitation of anhydrite), inward (by precipitation of
carbonate and Cu-Fe sul�des) and outward (by anhydrite accretion and subsequent replacement of
anhydrite by carbonates). During this process, deep magmatic-hydrothermal �uid continues to �ow up to
the bottom of the lake basin. Both the temperature and the pressure decrease sharply to much lower
values than the environmental conditions inside the magma channel. Therefore, the magmatic-
hydrothermal �uid reacts with the cold water, and the "blasting" effect occurs, causing the �rst
crystallized minerals to break into angular shapes and radial shapes (Fig. 3g), and then accumulate near
the hydrothermal chimney.  We also found abundant biological fossils around the hydrothermal
channels (Fig. 3i). All fossils have been destroyed and are associated with hydrothermal dolomite. A
previous study[14] explained that the creatures living around the hydrothermal channels suffered a
disaster, died and were quickly buried to form fossils. The distal deposits of the hydrothermal channels
are interbedded dolomite and mudstone (Fig. 3i). The explanation is that at a location far from the
hydrothermal chimney, due to the intermittent activity of the hydrothermal �uid, terrigenous clastic
deposition and hydrothermal deposition alternately occur[28, 29]

5.3 The environmental indications and petroleum signi�cance of the LTHA

Modern black chimney research in the ocean shows that with the waning and end of hydrothermal
activity and the effect of seawater dynamics, the black chimney body undergoes continuous erosion and
disintegration; in addition, unstable components are dissolved, and eventually, a sul�de deposit is
formed. In contrast to the long history of geology, the life span of a black chimney on the ocean �oor
after its formation " is generally short, which is only a part of the sul�de depositional formation process
[30]. Therefore, marine and lacustrine hydrothermal chimneys, especially large-scale hydrothermal
chimneys, are di�cult to preserve during geologic history. The hydrothermal chimneys from the Chang 7
Member of the Triassic Yanchang Formation in the Ordos Basin are mainly on the scale (diameter, height)
of a few centimeters to tens of centimeters in size, corresponding to the small-scale chimneys and their
top nozzles in modern submarine chimneys. This is also a common feature of hydrothermal activity
zones in other parts of the world (Slave Point in Canada, Sardinia in Italy)[31, 32]. From the morphological
comparison perspective, the Ordos Basin retains relatively complete paleo-hydrothermal nozzles, which
are columnar with bifurcated channels. This arrangement is related to the low-temperature hydrothermal
migration rate and the geothermal gradient in the continental rift. From the horizontal bedding developed



Page 12/25

in the oil shale in the study area, the hydrodynamic conditions at the bottom of the lake were weak.
Hydrothermal channels are quickly buried and preserved by sediments after the growth and eruption stop.
These are the reasons why hydrothermal chimneys of different scales are widely retained in this area with
different enrichments.

The target layer with the LTHA is located in the Chang 7 section of the Triassic Yanchang Formation in
the Ordos Basin and is a high-quality source rock in the study area. The traditional view is that this set of
high-quality source rocks is a dark mudstone of the deep lake facies, which is related only to normal lake
deposition. Some researchers[8.10,18] have suggested that hydrothermal activity promotes the formation
of high-quality source rocks. Hydrothermal activity not only provides thermal energy to promote the
maturation of hydrocarbons but also causes the convection and circulation of water, bringing bacteria
and minerals from the bottom of the lake to the surface water body, thereby promoting algae
reproduction and increasing biological productivity. These conditions promote the formation of high-
quality source rocks in the Ordos Basin(Fig. 9). In addition, hydrothermally formed petroleum has been
discovered in the Gulf of Guaymas Basin[33], the Escanaba Trough[34], and the Okinawa Trough[35]. These
�ndings provide a ‘natural laboratory’ [36] that not only sheds light on the petroleum generation process
and the behavior of petroleum in high-temperature �uids but also provides a new perspective for the
study of hydrocarbon organic matter sources and genesis. The study of hydrothermal chimneys in
lacustrine oil shale will help deepen understanding of the development mechanism of source rocks in
continental basins and lay a foundation for further research on lacustrine hydrothermal petroleum.

6 Conclusion
The petrology, mineral assemblage, structure, geochemistry and isotopic characteristics of the samples
show that there are lacustrine LTHA in the Chang 7 member of the Triassic Yanchang Formation in the
Ordos Basin.

The formation of the hydrothermal channels involved two stages and the formation of mineral zoning
across the walls of these structures throughout two major growth phases: a sulfate-dominated stage and
a carbonate and sul�de replacement stage. In the second stage, the hydrothermal �uid migrating outward
from the center of the channel dissolved and replaced anhydrite with carbonate and sul�de minerals.

In the Late Triassic, the lake in the Ordos Basin had a great water depth, weak hydrodynamic conditions
at the bottom of the lake, and an anoxic environment. The hydrothermal channels were quickly buried
and preserved by sediments after the growth and eruption stopped. The hydrothermal channels are
distributed in the black rock series in the center of the lake basin, which is a high-quality source rock. The
study of hydrothermal chimneys in high-quality source rocks has provided new context for further
understanding the development of petroleum.
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Figure 1

Regional geological map of the Ordos Basin and stratigraphic column with sampling positions. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.
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Figure 2

Characteristics of hydrothermal channel in the study area a Sketch of typical hydrothermal chimney b.
Hydrothermal channel, 6 cm × 4 cm, sample No. 1551.6, Position 1 from Fig. a. c. Hydrothermal channel,
7 cm × 6 cm, sample No. 1551.6-2, Position 4 from Figure a. d. Enlarged view of the No. 1 red frame in
panel b, in which layer 1 is dolomite with a radial structure, layer 2 is pyrite, layer 3 is a dolomite + calcite
layer, and layer 4 is calcite + dolomite + anhydrite + animal microfossils. 2.5X magni�cation, with cross-
polarized light. e. Enlarged view of the No. 2 red frame in panel c, in which layer 1 is calcite + dolomite +
anhydrite with a radial structure, layer 2 is pyrite, layer 3 is a dolomite + anhydrite layer, layer 4 is calcite +
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dolomite + anhydrite + animal microfossils. at 2.5X magni�cation, with cross-polarized light. f. Thin
slices of hydrothermal channel samples.

Figure 3

Microscopic photo of hydrothermal channel a. Enlarged view of the No. 3 red frame in Fig. 2d,
hydrothermal channel, 2.5X, cross-polarized light. b. Enlarged view of the No. 6 red frame in Fig.a,
hydrothermal channel, 10X, cross-polarized light. c. Enlarged view of the No. 6 red frame in Fig. a,
hydrothermal channel, BSE. d. Enlarged view of the No. 9 red frame in Fig. c, pyrite, BSE. e. Enlarged view
of the No. 8 red frame in Fig. 8, anhydrite with long strip, SEM. f. The bone-like structure in Fig. c, BSE. g.
Enlarged view of the No. 5 red frame in Fig. a, the radial structure of calcite, 2.5X, cross-polarized light. h.
Enlarged view of the No. 2 red frame in Fig. 2a shows that the breccia dolomite develops a ring zone,
2.5X, cross-polarized light. i. Microfauna fossils deposited in No. 3 red frame in Fig. 2a.
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Figure 4

Images of SEM and EDS data for minerals in the study area a. EDS data for Fig. 2i, white matter is pyrite.
b. EDS data for Fig. 2l, calcite. c. EDS data for Fig. 2g, pyrite + iron dolomite + quartz. d. EDS data for Fig.
2l, calcite. Panels e and f show that the hydrothermal channel is composed of dolomite and pyrite.
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Figure 5

Analytical points for in situ trace elements and sulfur isotopes around pyrite in the hydrothermal channel
a. Macroscopic photograph of the hydrothermal channel and experimental point, where the three blue
lines indicate the positions of the in situ trace elements. b. Partially enlarged photograph of panel a. c.
Partially enlarged photograph of panel b. d. Partially enlarged photograph of panel c. e. Standard sample
of pyrite from the State Key Laboratory of Continental Dynamics, Northwest University. f. Partially
enlarged photo of the red frame in panel a. g. Backscattered election image of panel a at 130X
magni�cation. h. Partially enlarged photograph of panel i. i. Partially enlarged photograph in the red box
at the right of panel a.
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Figure 6

Standardized spider diagrams of REEs/chondrites and trace elements/primitive mantle from the
hydrothermal chimney (Note: The data of panels a and b are from blue line No. 1 in Fig. 5, hydrothermal
dolomite; the data of panels c and d are from blue line No. 2 in Fig. 5, Mixture of hydrothermal
sedimentary rock and mudstone; and the data of panels e and f are from blue line No. 3 in Fig. 5,
hydrothermal pyrite. The data for panels g and h are from sample 1574.4, hydrothermal dolomite. The
data for panels i and j are from sample 1551.6-2, hydrothermal dolomite). REYCN patterns of (k) high-
temperature hydrothermal �uids from the Broken Spur vent site, 29°N Mid-Atlantic Ridge, and (L) low-
temperature diffuse hydrothermal �ow at the TAG hydrothermal mound, 26°N Mid-Atlantic Ridge [37].
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Figure 7

Comparison with previous research results a. Hydrothermal vent �eld near the Mid-Atlantic Ridge at
30°N[6]. b. The outline of the black chimney of the Brothers submarine volcano [38]. c. Black chimney
section of the Brothers submarine volcano[38]. d. The black chimney channel from the South African
Geological Museum. Layer a in the �gure is the outer wall of the channel, and layer b is the inner wall of
the channel. Photograph by Li Hong in 2017. e. Photograph of hydrothermal sedimentary dolomite in a
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natural outcrop in the Sardinian mining area of Italy[31], similar to the shape of the hydrothermal
chimney in Fig. 3b. f. The radial structure of the North Island hydrothermal zone, New Zealand[39] is
similar to the radial structure of Fig. 3g. g. Channel of the hydrothermal chimney in this study; layer a in
the �gure is the outer wall of the channel, and layer b is the inner wall of the channel. h. TAG
hydrothermal mound, Mid-Atlantic Ridge, 26°N[40], similar to the channel structure of the study area in
Fig. 3b. i. Drainage structure[41]. j. Black chimney in North China[23].

Figure 8

Discrimination diagrams for sedimentary rocks from the Zh22 well in the Ordos Basin (All samples are
hydrothermal dolomite). a. SiO2/(K2O+Na2O)-MnO/TiO2 [26]. The data of 1551.6, 1574.4 and 1551.6-2
are from this study, and the data of YK-1 is from [9]. b. Fe-Mn-(Cu+Co+Ni)×10[25]. The data of 1551.6,
1574.4 and 1551.6-2 are from this study, and the data of YK-1 is from[9].
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Figure 9

Sedimentary model map of the Late Triassic in the Ordos Basin
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