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Abstract Lower Paleozoic sedimentary rocks in the northwestern Tarim basin were strongly altered by
complicated geofluids, which resulted in the occurrence of various diagenetic minerals (e.g., dolomite).
Here, in situ major, trace, and rare earth element geochemistry of Lower Ordovician diagenetic dolomite
grains as well as petrography were performed to unravel the geochemical features, the nature, and origin
of the diagenetic fluids. The results indicate that different geochemical information can be detected within
a single sample, even within a single dolomite grain. Five generations of diagenetic dolomite have been
identified based on geochemical signatures, resulting from four distinct types of diagenetic fluids: (1) HREE
enrichment (PAAS-normalized), low ZREE, no Eu anomaly, low Mn, Ba, moderate Fe, and high Sr contents
are probably due to early burial dolomitizing fluids; (2) MREE enrichment, high XREE, high Mn, Fe, and low
Sr content are likely to be associated with Devonian deep-circulating crustal hydrothermal fluids; (3) flat or
LREE enrichment pattern with obviously positive Eu anomaly is inferred to be linked to Permian magmatic
hydrothermal fluids; and (4) flat REE pattern, moderate XREE, no Eu anomaly, low Mn, Ba, moderate Fe, and
high Sr contents are probably due to late burial dolomitizing fluids. The significances of in situ method dem-
onstrated in this study, compared with the whole rock analysis, include not only contamination-free analysis
but also unraveling the internal geochemical variation within a single sample or a mineral grain. Thus, for
the geochemical study of complicated diagenetic process, in situ method should be preferentially
considered.

1. Introduction

The Tarim basin is a large cratonic basin in the Central Asia, which mainly consists of the Precambrian base-
ment rocks overlain by Neoproterozoic and Phanerozoic carbonate and siliciclastic rocks. Lower Paleozoic
carbonate rocks were significantly influenced by various geofluids in the northwestern Tarim basin [Jin

et al., 2006; J. Zhang et al., 2008; X. Zhang et al., 2008a]. Abundant pores, fractures, and vugs as well as diage-
netic minerals (e.g., dolomite, calcite, quartz, fluorite, barite, anhydrite, and pyrite) were formed [Jin et al.,
2006; Cai et al., 2008; Pan et al., 2009, 2012], resulting in effective reservoirs for hydrocarbons [Cai et al.,
2008; Han et al., 2009; Pan et al., 2009; Li et al., 2011; ZHu et al., 2010; Jiao et al., 2011]. Based on drilling well
and outcrop samples, three different types of diagenetic fluids were identified by previous studies, including
meteoric water, concentrated seawater or heated formation water, and hydrothermal fluid. These studies
concluded that the diagenesis of Lower Paleozoic carbonate rocks was controlled by one or the mixture of
the above three types of diagenetic fluids [e.g., Jin et al., 2006; Cai et al., 2008; Li et al., 2011; Zhang et al.,
2011; Zhu et al., 2010; Pan et al., 2012; Qian et al., 2012; Ji et al., 2013].

Among the diagenetic minerals, dolomite, which has several different occurrences, is a product of the com-
plicated and multistage dolomitization and diagenesis [e.g., J. Zhang et al., 2008; X. Zhang et al., 2008a; Hu
et al,, 2010; Shao et al., 2010; Qian et al., 2012; Zhao et al., 2012], but the source and nature of the fluids
remains debated. J. Zhang et al. [2008], X. Zhang et al. [2008a], and Han et al. [2009] considered the matrix
dolomite and rhombus dolomite filling were precipitated from concentrated basinal seawater or heated
basinal water. The saddle dolomite and recrystallized dolomite were precipitated from magmatic hydrother-
mal fluid [Chen et al., 2009; Pan et al., 2009; Zhu et al., 2010; Jiao et al., 2011; Xing et al., 2011; Zhao et al.,
2012; Dong et al., 2013a]. However, some studies advocated these dolomites were precipitated from strati-
graphic hydrothermal fluid [Pan et al., 2012], i.e., the heated formation water [Qian et al., 2012] from

ZHANG ET AL.

©2014. American Geophysical Union. All Rights Reserved. 2744


http://dx.doi.org/10.1002/2013GC005194
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1525-2027/
http://publications.agu.org/

@AG U Geochemistry, Geophysics, Geosystems 10.1002/2013GC005194

Cambrian dolomite strata [Zhang et al., 2009], possibly with the involvement of deep-circulating meteoric
water [Zhang et al., 2011].

Most of the conclusions have been based on dolomite whole rock analysis [e.g., Li et al., 2011; Zhu et al.,
2010]. Actually, some dolomites show distinct features in different grains within one sample, even in differ-
ent areas of one grain; thus, the whole rock analysis for these kinds of dolomites would obscure important
information of different grains or areas where evidence of various and multistage diagenetic processes
occurred [Webb and Kamber, 2000; Nothdurft et al., 2004; Lapponi et al., 2013]. Some studies reported iso-
tope measurements using microdrilled representative carbonate samples [Lonnee and Machel, 2006; Katz

et al.,, 2006; Bristow et al,, 2011; Dong et al., 2013b]. For instance, the oxygen isotope data (3'®Oyppg = —8.3
to —13.8%,) of the growth zones of diagenetic saddle dolomite crystals in the Tarim basin suggest a hetero-
thermal dolomitizing fluid origin, which was probably linked to the different stages of Permian magmatism
emplacement during the Permian in the Tarim basin [Dong et al., 2013b]. However, a variety of contami-
nants, such as terrestrial particulate matter (notably shale), Fe, Mn oxides, and phosphates, could distinctly
alter the geochemical data of the chemical sediments in some cases based on whole rock analysis [Bolhar
et al., 2004; Nothdurft et al., 2004; Bolhar and Van Kranendonk, 2007; Alexander et al., 2008; Frimmel, 2009;
Jian et al., 2013a, 2013b]. In situ geochemical analysis is an effective probe into the origin of the diagenetic
minerals, which can not only provide more detailed information than the whole rock analysis but also facili-
tate to unravel the fluid variations indicated within a single grain [Schwinn and Markl, 2005; Kamber and
Webb, 2007; Piqué et al., 2008; Baldwin et al., 2011]. Wang et al. [2009] and Hu et al. [2010] reported the REE
patterns for discrimination of geofluids based on in situ geochemical data of well samples in the central
Tarim basin, but the origin of hydrothermal fluid were not clear. Furthermore, the diagenetic fluids affecting
the Paleozoic carbonate rocks and siliceous rocks in the northwestern Tarim basin remains unclear.

This study focuses on the different types of Lower Ordovician diagenetic dolomites in carbonate rocks and
siliceous rocks in the northwestern Tarim basin and aims to provide in situ geochemical data, patterns, and
the corresponding interpretations about the nature, origin, and evolution history of diagenetic fluids, com-
bining petrography and major, trace, and rare earth element composition.

2. Geological Setting and Sampling

The Tarim basin is located in the northwest of China (Figure 1) and covers approximately 560,000 km?
[Wang et al., 2009]. It is surrounded by the curved Tianshan Mountain of Paleo-Asian system to the north
and curved West Kunlun-Altun Mountains of Tethys system to the south [Xu et al., 2011]. The basin is a large
cratonic basin that was developed on continental crust basement consisting of Archean and Proterozoic
metamorphic rocks from middle Neoproterozoic due to a rifting process related to breakup of Rodinia [Tuo
and Philp, 2003; Lu et al., 2008]. It has a multiple-stage history of tectonic evolution (e.g., the Caledonian,
Hercynian, Indosinian, and Himalayan cycles [Tang, 1997]) and can be divided into seven principal structural
units (Figure 1), comprising three major Uplifts (Tabei, Central, and Southeast) and four Depressions (Kuche,
North, Southwest, and Southeast) [Wang et al., 1992].

Sedimentary fill consists of Neoproterozoic beach to shallow marine facies siliciclastic rock and carbonates,
followed by Cambrian and Ordovician platform facies limestone and dolomite, slope facies limestone and
marlstone, and basinal facies mudstone, shale, and marlstone. Silurian to Carboniferous strata consist of
marine sandstone and mudstone [Cai et al., 2001a, 2001b, 2008; Li et al., 2011]. Permian strata are composed
of lacustrine sediment and widely distributed volcanic rock, including basalt, rhyolite, diabase intrusions,
and granite intrusions [Yang et al., 2007; C. L. Zhang et al., 2008; Zhang et al., 2010; Tian et al., 2010]. Meso-
zoic and Cenozoic sequence consists of terrestrial fluvial sandstone and mudstone [Cai et al., 2001a, 2001b,
2008; Li et al., 2011].

The study area is located in the northwestern margin of the Tarim basin, assigned to Kalpin Uplift unit,
which is formed late in the Cenozoic [Zhang et al., 2001]. Dolomites are widely distributed in the Cambrian
and Lower Ordovician, which are divided into eight formations (Figure 2a). We investigated several outcrop
sections and found that the Penglaiba Formation, at the bottom of Lower Ordovician is mainly composed
of open to restricted platform facies limestones and dolomites with several siliceous rock interlayers. It
develops more abundant pores, fractures, vugs, and diagenetic dolomite minerals than other formations.
Thus, we selected it as our primary study interval, from which a total of 82 fresh diagenetic dolomite
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Figure 1. (a) Location of the Tarim basin. (b) Tectonic location of the study area (within the red rectangle) in the Tarim basin. (c) Geological
setting of the northwestern Tarim basin and sampling locations. Stratigraphic system: M, Mesoproterozoic metamorphic basement of Aksu
Group; N, Neoproterozoic; €, Cambrian; O, Ordovician; S, Silurian; D, Devonian; C, Carboniferous; P, Permian; CE, Cenozoic.

samples of different occurrences (minerals filling in fractures and vugs, fluid-altered dolomites, veins, etc.)
were collected from four typical outcrop sections (Figures 2b-2e). These four sections can represent
regional situation in our study area (Figure 1), i.e., Penglaiba (PLB), Yingshanbeipo (YSB), Kalpin (KP), and
Dabantage (DBTG) Sections (Figures 2b—2e).

3. Analytical Procedures

Thin sections were cut from 82 representative samples covering every section and typical occurrence for
petrographic observation and cathodoluminescence (CL) analysis. The CL analysis was carried out at the
Key Laboratory of Orogenic Belts and Crustal Evolution, Ministry of Education, Peking University, with the
conditions of a beam voltage of 5.5 kV and a current of 0.75 mA.

Based on petrographic observation, we classified dolomite types and selected several dolomite mineral
grains for each type (a total of 22 grains) as well as different areas in each grain (a total of 170 spots) for in
situ geochemistry analysis. Major elements (19 grains, 95 spots) were determined by EPMA at MLR Key Lab-
oratory of Metallogeny and Mineral Assessment, Institute of Mineral Resources, Chinese Academy of Geo-
logical Sciences, based on the polished, carbon-coated thin sections. A JEOL JXA-8800 electron microprobe
was used with the conditions of accelerating voltage of 15 kV, specimen current of 20 nA, and a beam diam-
eter of 5 um. The detection limits of the microprobe were estimated at approximately 100 ppm.

Trace and rare earth elements (17 grains, 75 spots) were measured by the Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (LA-ICP-MS) at the Key Laboratory of Orogenic Belts and Crustal Evolu-
tion, Ministry of Education, Peking University. An Agilent 7500ce ICP-MS with the COMPEX Pro102 laser-
ablation system equipped with a 193 nm ArF-excimer laser was applied to the trace and rare earth elemen-
tal composition measurement [Li et al., 2013]. In situ LA-ICP-MS analysis has been performed on corals [Sin-
clair et al., 1998], microbial carbonate [Kamber and Webb, 20071, larval fish otoliths [Lazartigues et al., 2014],

ZHANG ET AL.

©2014. American Geophysical Union. All Rights Reserved. 2746



@AG U Geochemistry, Geophysics, Geosystems 10.1002/2013GC005194

(a)

(b) pLB section —» SE

System| Series| Formation | Column | Lithologic description and Thickness {5012y
I T
Z i [ I Dolomitic limestone, calcitic
= Ylngsh_an T 1 T 1 dolomite and limestone S le P-11
Q Formation o (180-300m) ample P-
8 Lower [_r I = L Sample P-47
2 Penglaiba Dolomite and limestone with siliceous Sample P-27 1302270 0 10m
[e] Formation 25‘:Si7= rock interbedded (157-320m)
Lower I z 7 Dolomite with anhydrite dolomite
Upper | Qiulitage and calcitic dolomite interbedded
Formation |AL-Z— (300-576m)
]
el Kol Anhydrite dolomite and dolomite
AW313_99 — with anhydrite mudstone, anhydrite
Formation \Il and limemudstone interbedded
= Middle yi (143-542m)
% Shavilik £ T Dolomitic limestone, anhydrite (d ) KP Section —  »SW
o F aylixe | dolomite, argillaceous limestone and S 01 2y
= ormation m]r - I muddy dolostone (75-325m) >
<
o Wusongger |——— Dolomite and nodular dolomite with =5
Formation mudstone at the top (60-160m) > SN
Xiaoerbulake [—Z Dolomite and algal dolomite L 30628 e K-52
Formation |7 Vi (110-160m) 305%28° L Sample K-8 Sam Ile k.90 P
Lower 7 e Ow 0 20m P
T Phosphorite, siliceous rock, mudstone —
Yuertusi 7 at the bottom, alga-clastic dolomite,
Formation |=o—q nodular limestone at the middle and top (e) DBTG Section ——» NE
Ei=t (8-35m) -
B F ST
O1-2y
unconformity E| disconformity D Muddy dolostone = AN DS ‘
RN \ \‘\

I:J Limestone

I:l Dolomite

nhydrite

Mudstone

[: Limemudstone Anhydrite mudstone
E Calcitic dolomite Dolomitic limestone
Phosphprite Anhydrite dolomite
E Siliceous rock [j Argillaceous limestone

Sample D-7
Sample D-2
Diabase sill

Figure 2. (a) Cambrian-Ordovician stratigraphic framework and lithological description of the northwestern Tarim basin. Draft lithological sections and sample positions for (b) PLB, (c)
YSB, (d) KP, and (e) DBTG Sections.

speleothems, and biogenic calcium carbonates [Jochum et al., 2012] to study past climate conditions due to
its high sensitivity and high spatial resolution. Carbonate reference materials have been tested, and meth-
odology to analyze carbonate samples by LA-ICP-MS was proved to be successful [Chen et al., 2011; Lazar-
tigues et al., 2014]. The analytical procedure is the same as described by Gao et al. [2002]. Helium was used
as carrier gas to enhance the transport efficiency of the ablated material. The laser-circular spot sizes were
32, 44, 60, and 90 um in diameter (note the spot size did not change during the analysis for a single grain)
depending on the grain sizes of the analyzed dolomites (Table 1). All measurements were performed using
NIST 610 and 612 as external standards and CaO content, determined from EMPA as internal standard.
Standards of NIST 610 and 612 were used to monitor analytical quality. The accuracy was estimated to be
<0.8% for all trace and rare earth elements except Na (2.16%) in NIST 610 and <10% except P (28.70%) and
Fe (17.76%) in NIST 612 (supporting information Table S1). Detection limits (i.e., background level) were not
constant because they were influenced by the beam diameter and equipment conditions [Lazartigues et al.,
2014]. The detection limits varied from 0.01 to 0.20 ppm for most rare earth elements in this study (support-
ing information Table S1). Trace element values are normalized to the upper continental crust (UCC) [Taylor
and McLennan, 1985], and the REE values are normalized to the standard Post-Archean Average Shale
(PAAS) [McLennan, 1989].

4, Results

4.1. Dolomite Occurrence and Petrology

In the Penglaiba Formation strata, limestones were developed at the bottom and top, dolomites were
developed in the middle, and several siliceous rock interlayers were distributed mainly in middle dolomites
and also in upper limestones (Figures 2b—2e and 3b). Note that a diabase sill, with the thickness of ~3 m,
intruded roughly along the dolomite strata in the DBTG Section (Figures 2e and 3a).

The summary of the petrographic features can be seen in Table 1. Petrographic observation indicates that
the dolomite grains have six types as follows: (A) dolomite grains in limestones (Figure 4a); (B) dolomite
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Diabase sill

Figure 3. Representative photographs of field sections. (a) An over 3 m thick diabase sill intruded roughly along dolomite strata of the
Penglaiba Formation in DBTG Section. Samples D-2 and D-7 are collected at 0.8 and 3.3 m away from the diabase sill, respectively. P, Plagi-
oclase; Cpx, Clinopyroxene. (b) Bedded siliceous rocks are common in dolomite strata of the Penglaiba Formation in YSB Section. (c, d) A
vug filling with SD (saddle dolomite) and calcite in dolomite strata of the Penglaiba Formation in PLB Section. Note the SD filling in vugs
usually distributes between crystalline dolomite and filling calcite.

grains in crystalline dolomites (Figures 4b and 4c); (C) saddle dolomites filling in vugs (Figures 3c, 3d, 4d,
and 4e); (D) dolomite cements in calcarenites (Figure 4f); (E) dolomite grains in siliceous rocks (Figure 4q);
and (F) dolomite veins in siliceous rocks (Figure 4h). The sketches of these six types of dolomites are illus-
trated in Figure 4i. The details are described as follows.

Dolomite grains in limestones and crystalline dolomites have nonluminescent CL, while rim-altered dolo-
mite grains in crystalline dolomites (i.e., Sample K-90-E1) shows dull red in the core and alternately dull and
bright red in the rim. Saddle dolomite fillings in vugs, which are generally formed between crystalline dolo-
mite and filling calcites, have two distinct subtypes: small grains and large grains. The relatively small grains
have dull red to nonluminescent CL in the cores and bright red CL in the rims (i.e,, Samples K-52 and P-47),
while the larger grains have rims with alternately red color and nonluminescent along the growth (i.e., Sam-
ples P-27-E1 and P-27-E2). The heterogeneous dolomite crystals commonly have cloudy cores followed by
clear or alternately cloudy and clear rims.

Dolomite grains in siliceous rocks show idiomorphic structure and dull red CL. The rims of the grains show
brighter red color than the cores. Furthermore, the diagenetic veins in siliceous rocks are commonly charac-
terized by several stages. For instance, Sample D-2 has diagenetic veins with three stages, i.e., saddle dolo-
mite, quartz, and calcite in order. Sample K-8-E1 has veins with two stages composed by saddle dolomite
and quartz (Figure 4h). Therein, the dolomite veins generally show bright red to orange yellow CL.

4.2. Geochemistry

4.2.1. Major Element Composition

The major element composition of the analyzed diagenetic dolomite grains are given in supporting infor-
mation Table S2.

Theoretical sedimentary dolomites precipitate with the stoichiometric composition (CaO = 30.4%,

MgO = 21.7%, Mg/Ca (mol/mol) = 1) [Warren, 2000]. While through ongoing dolomitizing diagenesis on
sedimentary limestones, Mg " will substitute Ca®" in crystals and the composition become more stoichio-
metric along the replacement line. Actually, natural dolomites show lower MgO and CaO, but constant Mg/
Ca ratios (shaded area) because other elements will enter lattices (i.e., REEs) [Chen et al., 2010] (Figure 5).
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A:Dolomite B:Dolomite grains ~ C: Saddle
grainsin in crystalline dolomites
limestones dolomites filling in vugs

D: Dolomite E: Dolomite F: Dolomite
cements in grainsin veins in

calcarenites siliceous rocks _siliceous rocks

Figure 4. Representative photomicrographs of dolomite samples. (a) Dolomite grains in limestones (Type A, Sample P-11) from PLB Section. (b) Dolomite grains in crystalline dolomites
(Type B, Sample P-27-E3) from PLB Section with hypidiomorphic texture. (c) Rim altered dolomite grains in crystalline dolomites (Type B, Sample K-90-E1) from KP Section. (d) Saddle
dolomites filling in vugs (Type C, Sample P-27-E1) from PLB Section. (e) CL image of Sample P-27-E1. (f) Dolomite cements in calcarenites (Type D, Sample D-7) from DBTG Section. (g)
Dolomite grains in siliceous rocks (Type E, Sample Y-4-E1) from YSB Section. (h) Dolomite veins in siliceous rocks (Type F, Sample K-8-E1), associated with quartz vein from KP Section. (i)
Schematic diagram of Types A-F dolomites. Dol, dolomite; Cal, calcite; SD, saddle dolomite.

Types A and B dolomites (e.g., Samples P-11-E1 and K-90-E3) have wide ranges of Mg/Ca ratios (0.80-1.02,
av. = 0.90, n = 12). These dolomites predominantly plot in replacement dolomite field (Figure 5) and show
positive correlation along the replacement line in the binary diagram between MgO and Mg/Ca [Chen et al.,
2010]. Type C dolomites (e.g., Sample P-27-E1) also have wide ranges of Mg/Ca ratios with the range of
0.86-1.03 (av. = 0.97, n = 42, slightly higher than Types A and B dolomites). Note that several analytical
spots of Type C dolomites also plot along the replacement line (Figure 5). Most of the Types D, E, and F
dolomites (e.g., Sample D-7-E1 and rim of Sample K-90-E1) display high Mg/Ca ratios (0.82-1.02, av. = 0.95,
n = 41) and plot near the theoretical composition of stoichiometric dolomite (Figure 5).

4.2.2. Trace and Rare Earth Element Composition

The rare earth and trace element data of the analyzed diagenetic dolomites are given in Table 2 and sup-
porting information Table S3, respectively. Generally, the total REEs abundances (XREE) of the dolomites
range from 1.61 to 204.8 ppm (av. = 34.40 ppm, n = 75) (Figure 6). The REE distribution patterns are illus-
trated by normalizing the REEs against PAAS [McLennan, 1989] (Figures 7, 8, supporting information Figures
S$1-S3). Both homogeneous (e.g., Sample P-11-E1) and heterogeneous (e.g., Sample P-27-E1) REE patterns
are shown within these analyzed dolomite grains.
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Table 2. In Situ Rare Earth Element Data of All Samples in This Study?®

Sample (test spot) La Ce Pr Nd Sm  Eu Gd Tb Dy Ho Er Tm Yb Lu >REE Lay/Smy Gdn/Yby Eu/Eu*  Ce/Ce*  Pr/Pr*
P-11-E1.1 (A, T1) 216 420 042 184 063 0.14 007 053 0.1 015 0.25 10.49 0.50 1.01 0.89
P-11-E1.2 (A, T1) 233 482 067 304 082 011 044 013 037 010 0.225 0.53 0.07 13.68 0.41 0.51 0.84 0.89 1.03
P-11-E2 (A, T1) 243 495 056 280 044 0.15 0.14 067 0.16 021 12.51 0.80 0.98 0.89
P-11-E3.1 (A, T1) 2.54 4.73 0.54 214 042 0.0 031 0.09 0.14 0.24 0.05 11.29 0.88 0.79 1.25 0.93 1.00
P-11-E3.2 (A, T1) 265 471 052 274 080 0.14 063 0.13 022 004 0.04 12.62 0.48 0.92 0.86
K-8-E2 (B, T1) 115 317 038 145 041 007 030 003 022 006 0.11 003 0.7 7.56 0.40 1.05 0.88 1.1 1.03
K-8-E3 (B, T1) 086 194 021 069 023 007 0.4 002 0.8 005 0.15 0.02 457 0.53 1.71 1.05 1.08
P-27-E3 (B, T1) 1.81 3.89 0.42 163 030 0.08 048 0.05 035 006 029 0.03 0.21 0.03 9.62 0.87 137 0.93 1.03 0.98
K-90-E1.6 (B, T1) 119 207 014 087 022 0.14 0.05 0.02 0.08 0.03 4.80 0.78 1.18 0.61
K-90-E1.7 (B, T1) 050 090 0.12 050 0.05 0.03 0.12 2.23 0.85 1.05
K-90-E1.8 (B, T1) 038 073 0.09 0.28 0.04 0.10 1.61 0.20 0.93
K-90-E1.9 (B, T1) 0.37 0.64 0.04 0.27 0.23 0.11 0.08 1.74 0.23 1.18 0.60
P-47.7 (B, T1) 179 415 051 202 027 036 006 035 007 016 003 0.17 0.06 9.98 0.96 127 1.00 1.04
P-47.8 (B, T1) 045 152 013 114 0.07 0.15 007 032 004 026 005 022 442 0.41 1.46 0.58
K-52.2 (B, T1) 224 566 059 280 068 0.07 057 0.30 0.30 13.20 0.48 1.14 0.87
K-52.3 (B, T1) 1.99 4.19 0.38 173 037 0.06 0.23 0.08 0.26 0.06 9.35 0.78 1.1 0.84
K-52.4 (B, T1) 120 275 037 125 035 0.1 030 003 024 005 009 004 0.1 004 6.92 0.50 1.67 1.54 0.95 1.18
K-52.7 (B, T1) 330 704 075 325 053 036 0.05 054 0.12 044 006 023 16.66 0.90 0.97 1.04 0.92
K-52.8 (B, T1) 117 255 025 124 035 040 0.04 0.13 005 0.17 0.03 6.37 0.49 1.10 0.81
K-52.9 (B, T1) 141 3.09 0.25 1.19 035 0.04 0.15 0.05 0.19 6.72 0.59 1.19 0.78
P-27-E1.1 (R1,C, T2) 392 1210 175 739 154 053 079 010 0.77 006 023 0.04 021 2943 037 2.25 2.26 1.07 1.09
P-27-E1.2 (R1,C, T2) 728 2340 338 1439 250 058 132 0.17 067 0.14 024 003 031 0.03 54.45 0.42 2.56 1.51 1.09 1.08
P-27-E1.3 (R2,C, T2) 877 2686 326 1289 269 047 193 024 115 021 040 0.06 026 0.02 59.21 047 444 0.98 1.16 1.03
P-27-E1.4 (R2, C, T2) 11.86 31.96 3.75 1491 275 049 212 027 123 021 038 0.07 0.25 0.04 70.29 0.63 5.22 0.96 1.1 1.01
P-27-E1.5 (R2, C, T2) 353 807 099 414 069 014 059 006 030 005 0.2 0.02 18.70 0.74 1.05 1.00 1.00
P-27-E1.6 (R2,C,T2) 1911 5291 669 2728 6.01 111 452 059 257 047 111 011 062 003 1231 0.46 438 1.01 1.08 1.04
P-27-E1.7 (R2,C,T2)  19.90 5499 707 3173 677 108 489 066 280 050 092 012 046 004 1319 043 6.46 0.88 1.07 1.00
P-27-E1.8 (R3, C, T2) 1.61 843 203 1387 425 077 396 053 292 048 097 0.07 0.73 0.07 40.69 0.05 3.29 0.88 1.08 1.10
P-27-E1.9 (R3,C, T2) 120 565 139 872 227 048 176 026 1.19 022 049 006 0.17 0.03 23.89 0.08 6.15 1.12 1.01 117
P-27-E1.10(R3,C,T2) 1.82 896 199 1099 281 052 238 034 146 026 0.53 008 039 0.04 32.57 0.09 3.72 0.95 1.09 1.18
P-27-E1.11(R3,C,T2) 141 510 126 643 190 029 158 023 1.11 018 0.53 006 026 0.04 20.37 0.11 3.66 0.78 0.88 1.29
P-27-E2.1 (R1,C, T2) 434 1361 1.76 854 149 058 091 0.14 045 007 0.17 0.01 32.07 0.42 2.34 1.14 0.96
P-27-E2.2 (R1,C, T2) 576 1836 251 1128 215 072 139 015 049 009 028 0.01 0.10 43.29 0.39 8.10 1.95 1.1 1.02
P-27-E2.3 (R1,C, T2) 6.17 2131 325 1301 278 076 145 015 063 017 026 003 0.15 0.02 50.14 0.32 5.99 1.78 1.10 1.15
P-27-E2.4 (R1,C, T2) 6.98 2476 347 1473 341 102 175 022 084 015 037 005 0.15 0.03 57.92 0.30 7.16 1.97 1.16 1.07
P-27-E2.5 (R1, C, T2) 333 9.09 1.28 571 094 038 060 0.10 041 0.03 0.15 0.02 22.03 0.51 240 1.02 1.05
P-27-E2.6 (R1,C, T2) 223 730 106 512 133 037 110 013 057 014 035 003 021 003 19.96 0.24 3.21 143 1.10 1.02
P-27-E2.7 (R2,C,T2) 1037 3029 347 1462 297 054 203 025 137 023 041 005 038 0.04 67.01 0.51 3.27 1.03 117 0.97
P-27-E28 (R2,C,T2) 1974 5462 638 2481 487 090 366 043 170 031 062 006 045 002 1186 0.59 4.98 1.01 1.12 1.02
P-27-E2.9 (R2, C, T2) 2966 81.00 1046 4289 9.15 137 534 076 337 056 105 0.09 0.60 0.07 186.4 0.47 5.37 0.92 1.06 1.04
P-27-E2.10 (R2, C, T2) 2145 5922 692 2769 523 083 383 045 216 027 083 007 058 007 1296 0.60 4.01 0.87 112 1.01
P-27-E2.11 (R2,C,T2) 2047 4810 549 2229 413 067 235 029 122 019 038 003 0.18 105.8 0.72 7.73 1.02 1.05 0.99
P-27-E212 (R2,C,T2) 467 1230 166 681 136 027 113 013 073 009 026 002 017 29.58 0.50 3.99 1.02 1.02 1.07
P-27-E2.13 (R2,C, T2) 27.07 75.02 991 4008 927 134 550 074 336 058 124 0.15 0.74 0.08 175.1 0.42 4.52 0.89 1.06 1.06
P-27-E2.14 (R2,C, T2) 34.05 8844 1126 4667 975 163 6.6 082 345 053 120 0.15 062 0.04 2048 0.51 6.02 0.99 1.04 1.03
P-47.1 (C,T2) 271 784 121 537 105 0.10 063 029 0.6 0.23 19.68 037 1.68 0.59 1.00 1.09
P-47.2 (C, T2) 501 1579 193 825 178 032 104 013 049 017 035 0.04 053 0.07 35.90 041 1.20 1.12 117 0.99
P-47.3 (C, T2) 548 14.28 1.75 6.57 128 025 089 0.11 075 0.14 034 036 0.05 3224 0.62 1.48 1.12 1.06 1.06
P-47.4(C, T2) 152 623 093 395 063 0.11 044 004 034 007 14.25 0.35 0.97 1.21 1.10
P-47.5(C, T2) 172 571 084 378 038 0.07 041 005 029 0.03 0.09 0.04 13.40 0.67 0.88 1.10 1.06
P-47.6 (C, T2) 297 838 104 418 063 0.14 094 009 084 015 0.6 0.05 0.3 19.70 0.68 444 0.86 1.10 1.04
K-52.1 (C, T2) 2.82 7.2 1.01 420 063 0.16 0.76 0.61 0.12 0.21 0.05 17.68 0.65 1.06 0.97 1.09
K-52.5 (C, T2) 158 417 060 226 058 0.0 038 0.2 027 007 0.14 0.03 10.30 0.40 1.01 0.99 1.16
K-52.6 (C, T2) 152 435 064 303 066 0.11 046 046 0.07 0.02 11.32 0.34 0.92 1.02 1.03
D-7-E1 (D, T3) 052 089 011 043 005 002 003 001 005 001 0.02 0.003 003 0.003 2.18 1.40 0.63 2.69 0.86 1.05
D-7-E2 (D, T3) 0.45 0.79 0.07 039 0.07 0.03 0.09 001 005 001 0.03 0.01 0.01 2.01 1.00 1.56 1.02 0.76
Y-4-E1.2 (E, T3) 128 302 025 110 028 0.3 0.18 003 025 004 0.15 001 0.14 001 6.89 0.65 0.79 2.73 1.23 0.82
Y-4-E2.1 (E, T3) 295 662 059 224 040 013 036 006 040 007 024 0.04 028 0.6 14.43 1.08 0.77 1.64 1.16 0.90
Y-4-E2.2 (E, T3) 277 431 039 149 034 010 022 005 0.18 005 0.13 001 0.13 0.02 10.19 1.18 1.04 173 0.96 0.90
Y-4-E2.3 (E, T3) 2.85 4.98 0.45 176 036 0.17 0.27 0.03 025 007 0.17 0.02 0.21 0.03 11.60 117 0.79 2.59 1.02 0.89
D-2.1 (F, T3) 262 680 074 279 058 0.13 024 004 042 005 0.0 0.04 0.13 0.2 14.70 0.66 1.16 1.65 1.12 1.00
D-2.2 (F, T3) 162 383 037 134 034 007 021 005 0.19 004 0.13 003 0.1 8.32 0.69 113 1.30 1.14 0.97
D-2.3 (F, T3) 179 449 049 197 042 008 012 006 0.18 006 0.19 002 022 0.02 10.10 0.63 0.32 1.79 1.1 0.97
K-90-E1.1 (RB, T3) 1.36 3.38 0.44 195 046 0.27 0.17 0.17 0.04 0.12 0.02 8.38 0.43 137 1.01 1.01
K-90-E1.2 (RB, T3) 119 292 036 122 065 0.15 017 007 0.16 004 0.16 0.19 7.27 0.27 0.52 2.08 1.03 1.12
K-90-E1.3 (RB, T3) 267 547 0.65 250 032 0.0 030 0.06 027 008 0.09 0.02 0.04 12.57 1.21 1.45 0.96 1.03
K-90-E1.4 (RB, T3) 208 391 046 141 0.14 0.18 0.5 0.04 0.02 021 8.49 0.53 0.93 1.14
K-90-E1.5 (RB, T3) 5.55 10.69 1.04 427 050 021 035 0.09 0.29 0.10 23.10 1.63 237 1.03 0.90
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Table 2. (Continued)

Sample (test spot) La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu >REE Lan/Smy Gdn/Yby Eu/Eu*  Ce/Ce*  Pr/Pr*
K-8-E1.1 (F, T4) 1440 27.04 251 9.19 144 039 101 0.1 051 0.0 0.18 0.03 0.09 0.05 57.05 1.45 6.66 1.50 1.04 0.94
K-8-E1.2 (F, T4) 8.67 1534 1.46 562 048 026 037 006 024 0.05 025 0.07 0.16 0.04 33.06 2.64 137 2.89 0.99 0.93
K-8-E1.3 (F, T4) 1684 2930 258 951 133 031 079 008 036 009 012 002 0.18 0.04 61.55 1.84 2.70 1.44 1.03 0.91
K-8-E1.4 (F, T4) 11.75 18.05 1.52 562 048 0.19 038 005 023 0.06 0.08 0.13 0.03 38.56 3.55 1.77 2.05 0.98 0.89
K-8-E1.5 (F, T4) 6.80 13.57 1.40 521 077 025 052 010 044 0.08 024 0.03 0.19 0.04 29.63 1.29 1.63 1.88 1.02 0.98
Y-4-E1.1 (RE, T5) 346 7.95 0.74 289 042 0.12 049 0.0 057 0.11 024 0.04 0.28 0.03 17.44 1.20 1.06 1.21 1.14 0.91
Y-4-E1.3 (RE, T5) 253 620 063 261 064 0.13 049 0.08 048 0.08 041 0.05 0.32 0.05 14.70 0.57 0.93 1.07 1.13 0.92
Seawaterx 10° 0.05 0.00 0.03 0.03 0.04 0.05 0.06 0.06 0.07 010 0.11 0.12 0.11 0.12 5.21 1.31 0.57 1.12 0.10 1.48

?All values are in ppm. Blank, below detection limits; A-F represent dolomite types based on the petrology examination (for details see the text); RB, rim of dolomite grain in crystalline
dolomites; RE, rim of dolomite grain in siliceous rocks; T1-T5 represent dolomite types divided by geochemical features. The data of Post-Archean Average Shale (PAAS) in normalized
calculation were from McLennan [1989]. Eu, Ce, and Pr anomaly values were calculated by Eu/Eu* = Eusy/(0.67Smgy + 0.33Tbsy), Ce/Ce* = Cesn/(0.5Lasy + 0.5Prsy), and Pr/Pr* = Prey/
(0.5Cesy + 0.5Ndsy) [Bau and Dulski, 1996]. The average REE compositions of modern seawater (calculated from Alibo and Nozaki [1999]) shown in the table were magnified 10° times
because modern seawaters have extremely low ZREE.

The results indicate that most of the Types A and B dolomites have homogeneous geochemical features (e.g.,
Sample K-8-E2) except Sample K-90-E1. XREE of the rim of Sample K-90-E1 (av. = 11.96 ppm, n = 5) are signifi-
cantly higher than that of the core (av. = 2.59 ppm, n = 4; supporting information Figure S1). The rim of Sam-
ple K-90-E1 show flat REE patterns with obviously positive Eu anomalies (Eu/Eu* ranging from 1.45 to 2.37),
whereas the core shows heavy-REE (HREE) enrichment and pronounced light-REE (LREE) depletion (av. Lasy/
Smgy = 0.40; Figure 6a).

Type C dolomites display REEs signatures that vary within single dolomite grains (Figures 7a and 7b), such
as Sample P-27-E1, with the ZREE values varying between 18.71 and 131.9 ppm (av. = 54.97 ppm,n = 11;
Figure 6b). This sample has three types of middle-REE (MREE) enriched patterns (Figure 7a): an outer rim
(Rim 1, characterized by the positive Eu anomalies); a middle rim (Rim 2, slightly LREE and obvious HREE
depletion with no Eu anomaly); an inner rim (Rim 3, pronounced LREE and HREE depletion lacking a positive
Eu anomaly or with a slight negative Eu anomaly).

Other Type C dolomites such as Samples P-47 (supporting information Figure S2) and K-52 (supporting
information Figure S3) have similar REE pattern features. The rim ZREE values of Sample P-47 (av. = 22.53
ppm, n = 6) are slightly higher than the core XREE values (av. = 7.20 ppm, n = 2). The rim shows MREE
enrichment with no Eu anomaly (av. Eu/Eu* = 0.92, n = 6), whereas the core exhibits HREE enrichment and
pronounced LREE depletion.

Types D, E, and F dolomites generally

1.4 ) ! b : J exhibit homogeneous geochemical char-
| Sedimentary delomite iRt sorpsiGh | acteristics (e.g., Samp.le D-2) except. Sam-
o0y /°f stoichiometric dolomite ple Y-4-E1 (Type E) (Figure 8). The rim of
—~10 7oA A""ﬁ 4 Sample Y-4-E1 has flat REE patterns with-
E ‘ékv*v " out Eu anomaly, while the core displays
E a A A : E:gzco) an obviously positive Eu anomaly (Eu/
F oo | REPlacement Y B A P-27(CD) | | Eu* = 2.73). Furthermore, the ZREE of the
o dolomite T £20(Eh) rim are higher than that of the core, with
g} ~ = c 2 E:g?_m | the average of 16.07 and 6.89 ppm,
g D &D-7 respectively (Figure 6b).
= Replacement “@Eﬁ%"\%%fﬁ i In summary, the shale-normalized REE dis-
; L ; : S — tribution patterns of the analyzed diage-
19 o Mgozi%) e 28 netic dolomite grains can be divided into
five types: (T1) HREE enrichment, no Eu
Figure 5. Chemical classification diagram for discriminating replacement dolo- anomaly, and low ZREE (e.g., Sample K-8-
mites by scatter diagram of Mg/Ca versus MgO after Warren [2000] and Chen E2; Figure 9a); (T2) MREE enrichment, vari-

et al. [2010]. For data see supporting information Table S2. A-F represent dolo-
mite types based on the petrology examination (for details see the text); RB,
rim of dolomite grain in crystalline dolomites; solid symbol, Types A and B Sample P-27-E1; Figures 9b and 9c¢); (T3)
dolomites; open symbol, Type C dolomites; other symbol (half solid), Types D, flat REE pattern, positive Eu anomaly, and
E, and F dolomites; CD, dolomite grains in crystalline dolomites; R, rim.

ous Eu anomalies, and high ZREE (e.g.,
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Figure 6. (a) Binary diagram of normalized La/Sm versus Gd/Yb for distinguish-
ing REE distribution patterns. Field a: (La/Sm)sy < 1, (Gd/Yb)sy > 1, MREE
enrichment; Field b: (La/Sm)sy > 1, (Gd/Yb)sy > 1, LREE enrichment; Field c:
(La/Sm)sy < 1, (GA/Yb)sy < 1, HREE enrichment; Field d: (La/Sm)sy & 1, (Gd/
Yb)sy & 1, flat REE pattern. (b) Scatter diagrams of Eu/Eu* versus XREE of dolo-
mite samples. (c) Binary diagram showing relationship between Ce/Ce* and Pr/
Pr* after Bau and Dulski [1996]. Field a, neither Ce nor La anomaly; Field b, posi-
tive La anomaly, no Ce anomaly; Field ¢, negative La anomaly, no Ce anomaly;
Field d, true positive Ce anomaly; Field e, true negative Ce anomaly. The aver-
age REE compositions of modern seawater (calculated from Alibo and Nozaki
[1999]) shown in the figures were magnified 10° times, because modern sea-
waters have extremely low ZREE. Solid symbol, Types A and B dolomites; open
symbol, Type C dolomites; other symbol (half solid), Types D, E, and F dolo-
mites; CD, dolomite grains in crystalline dolomites; C, core; R, rim. For data and
calculation of Eu/Eu*, Ce/Ce*, and Pr/Pr*, see Table 2 and the text.

moderate XREE (e.g., Sample D-2; Figure
9d); (T4) LREE enrichment, positive Eu
anomaly, and high XREE (e.g., Sample K-
8-E1; Figure 9e); and (T5) flat REE pattern,
no Eu anomaly, and moderate XREE (e.g.,
rim of Sample Y-4-E1; Figure 9f).

Trace element composition of these dia-
genetic dolomite samples is normalized
to UCC [Taylor and McLennan, 1985] and
presented in supporting information Fig-
ures S4a-S4f. Overall, most samples show
relative enrichment of B, V, Mn, and U
and relative depletion of Na, Fe, Zn, Sr,
Sn, Ba, REEs, and Th, compared to UCC.
Note that Ba is enriched in Sample Y-4-E2
and the core of Sample Y-4-E1.

5. Interpretation and
Discussion

5.1. Evaluation of Contamination
Effects Based on In Situ Geochemical
Analysis

Previous studies reported that in some
cases various contaminants could result
in the alteration of whole rock geochemi-
cal data of chemical sediments [e.g., Bol-
har et al., 2004; Nothdurft et al., 2004]. For
example, incompatible elements (e.g., Al,
Ti, Th, Hf, Zr, and Sc), which are com-
monly concentrated in the detrital miner-
als [Goldstein and Jacobsen, 1988;
Elderfield et al., 1990], can be enriched as
a result of the terrestrial particulate mat-
ter contaminants. Thus, a positive correla-
tion is to be expected between XREE
(relatively high concentration of REE in
shale) and these incompatible elements
when significant contamination occurs
[Bolhar et al., 2004; Bolhar and Van Kra-
nendonk, 2007; Alexander et al., 2008;
Frimmel, 2009]. In addition, the whole
rock data tend to show high transition
trace elements (e.g., Cu and Ni) abundan-
ces, if Fe, Mn oxides are significant con-
taminants in carbonate rocks [Bau et al.,
1996; Nothdurft et al., 2004; Bolhar and
Van Kranendonk, 2007]. Here, the contam-
ination effects are evaluated based on
our in situ geochemical data of the ana-
lyzed dolomites.

The geochemical data of diagenetic dolo-
mite analyzed in this study all have very
low Al and Th abundances. The contents
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Figure 7. Petrologic and REE features of (a) Sample P-27-E1, (b) Sample P-27-E2. Note the MREE enrichment and slight distinction among
inner, middle, and outer rims. The laser-circular spot diameter was 60 um. SD, saddle dolomite; Cal, calcite; green symbol, Rim 1, outer rim;
yellow symbol, Rim 2, middle rim; orange symbol, Rim 3, inner rim.

of Ti, Hf, Zr, Sc, Cu, and Ni of most samples are below the detect limitation. Additionally, there is no correla-
tion between Al, Th, and ZREE (Figure 10). Hence, all of the data suggest that the dolomite geochemical
analysis based on in situ method were not influenced by the contamination of terrestrial particulate matter
and/or Fe, Mn oxides.

5.2. Comparison to Seawater Geochemical Characteristics

Modern seawater has extremely low XREE (with an individual REE ranging from 10~ to 10~* ppm), uniform
HREE enrichment, distinctively positive La, slightly positive Gd anomalies, well-documented negative Ce
anomaly, and superchondritic Y/Ho ratios [McLennan, 1989; Alibo and Nozaki, 1999]. The oxidation of Ce*"
to Ce*™ is the dominant process that leads to negative Ce anomalies in seawater since the Palaeoprotero-
zoic [Kamber and Webb, 2001; Bolhar and Van Kranendonk, 2007; Frimmel, 2009; Zhao and Jones, 2013].
Ancient carbonate, which serves as the ancient seawater proxies, indicates that the REE patterns have
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Figure 8. Different petrologic and geochemical features between rim and core of Sample Y-4-E1. Note the positive Eu anomalies in the core
and flat REE patterns in the rim. The laser-circular spot diameter was 90 pim. Dol, dolomite; red symbol, rim; blue symbol, core.

remained the same throughout the Phanerozoic [Webb and Kamber, 2000; Shields and Webb, 2004; X. Zhang
et al., 2008b; Zhao and Jones, 2013].

Our results indicate that most of the analyzed dolomite geochemical data show nonseawater-like features
(Figures 6 and 9). Samples with T1 REE patterns also display HREE enrichment, but they do not have a nega-
tive Ce anomaly. Therefore, we advocate that the analyzed dolomite crystals were produced from diage-
netic fluids rather than the ancient seawater in the northwestern Tarim basin. Furthermore, the differences
of REE patterns between dolomite samples and seawater may provide important information about the rel-
ative amounts of fluids involved during diagenetic processes [Tlig and M’Rabet, 1985; Banner et al., 1988;
Qing and Mountjoy, 1994], from which the degree of the diagenetic alternation can be inferred. Thus, it is
inferred that dolomites with T1 REE patterns (e.g., core of Sample P-47; Figure 9a) may be affected least by
diagenetic fluids, whereas other dolomites experienced intense diagenesis.

5.3. Geochemical Variations Within Single Dolomite Grain

In this study, 16 dolomite grains show relatively homogeneous elemental compositions, while other six
dolomite grains, including Samples K-90-E1, P-27-E1, P-27-E2, P-47, K-52, and Y-4-E1, display geochemi-
cal variations within single mineral grain. For example, the cloudy cores of saddle dolomites filling in
vugs (Type B, Samples P-47 and K-52) and cloudy core of dolomite grain in crystalline dolomites (Type B,
Sample K-90-E1) have T1 REE patterns (HREE enrichment) and dull red to nonluminescent CL, while the
clear rims of Samples P-47 and K-52 (Type C) show T2 REE patterns and bright red CL (MREE enrichment)
(supporting information Figures S2, S3) and the clear rim of Sample K-90-E1 shows T3 REE patterns and
alternately dull and bright red CL (flat REEs and distinct Eu anomaly) (supporting information Figure S1).
Likewise, the cloudy core of a dolomite grain in siliceous rocks (Type E, Sample Y-4-E1) has T3 REE pat-
terns and dull red CL, whereas the clear rim has T5 REE patterns (flat REEs and no Eu anomaly) and bright
red CL (Figure 8). Furthermore, although Samples P-27-E1 and P-27-E2 (Type C) show the same petro-
graphic features and T2 REE patterns, that is, alternately cloudy and clear features in thin sections, alter-
nately red and nonluminescent CL along the growth, and MREE enrichment with high XREE, subtle
distinctions in REE features still exist, i.e., the outer rims have obvious positive Eu anomalies (partly simi-
lar with T3) (Figure 7).
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Figure 9. PAAS-normalized REE patterns of dolomites with (a) T1, (b, c) T2, (d) T3, (e) T4, and (f) T5 patterns. The average REE compositions
of modern seawater (calculated from Alibo and Nozaki [1999]) were magnified 10° times. The data of PAAS are from McLennan [1989]. CD,
dolomite grains in crystalline dolomites; C, core; R, rim. For data see Table 2.

Therefore, according to the geochemical variations within single dolomite grains, dolomites with different
geochemical features can be divided into different stages and assigned relative ages, i.e., dolomites with T1
REE patterns were formed earlier than dolomites with T2 and T3 REE patterns, while dolomites with T3 REE
patterns should be formed earlier than dolomites with T5 REE patterns.

5.4. Nature and Origin of the Diagenetic Fluids

Here, we discuss the nature and origin of the related diagenetic fluids based on the geochemical data and
petrographic observations of the analyzed diagenetic dolomite samples in the northwestern Tarim basin.
Several special elements and ratios could serve as the indicators of the formation conditions of the dolo-
mites. For example, Ce**/Ce** and Eu®*/ Eu*" are controlled by oxidation [Kamber and Webb, 2001; Bolhar
and Van Kranendonk, 2007; Frimmel, 2009; Zhao and Jones, 2013] and temperature [Frimmel, 2009]; thus, the
Ce and Eu anomalies can be used to evaluate the oxidation condition of the water and hydrothermal pre-
cipitates; high Ba and Mn contents can indicate origin of hydrothermal fluids [Middleton et al., 1993; Chen
et al., 2009]; and the redox-sensitive metallic elements Fe and Mn are prone to be enriched in an oxidative
setting [Morford and Emerson, 1999].

5.4.1. Dolomite With T1 REE Pattern
Dolomite samples with T1 REE patterns (e.g., Sample P-11-E1) have relatively homogeneous internal structure
and geochemical properties, implying relatively stable conditions during formation. These dolomites show
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Figure 10. Binary diagrams of (a) Al and (b) Th versus XREE for evaluating contamination and alteration of dolomite samples. Solid symbol,
dolomites with T1 patterns; open symbol, dolomites with T2 patterns; half left symbol, dolomites with T3 patterns; half up symbol, dolo-
mites with T4 patterns; half right symbol, dolomites with T5 patterns. CD, dolomite grains in crystalline dolomites; C, core; R, rim. For data
see Table 2 and supporting information Table S3.

HREE enrichment and slightly positive Ce anomalies or no Ce anomaly (Figures 6a and 6¢), different from sea-
water or precursor carbonates [e.g., X. Zhang et al., 2008b; Zhao and Jones, 2013]. According to the Ce/Ce* val-
ues, moderate Fe, low Ba, and Mn abundances (Figure 11), it is concluded that these dolomites can be linked
with the diagenetic fluids of weak oxidation and nonhydrothermal conditions. Previous studies reported that
the formation temperature of this kind of dolomites may be lower than 50°C in most cases [Gregg and Sibley,
1984; Shukla, 1986]. Low Mn abundance also implies that meteoric waters and deep fluids did not influence
the dolomites since they should result in high-Mn dolomites [Jin et al., 2006]. Furthermore, it is inferred that
these dolomites were formed in the early diagenetic stage and scarcely experienced replacement and recrys-
tallization indicated by MgO-Mg/Ca (Figure 5) and Sr-Mn diagrams (Figure 11c) [Qing, 1998; Hecht et al., 1999;
Jacobsen and Kaufman, 1999; Warren, 2000; Chen et al., 2010; Derry, 2010].

Based on the above discussion, we contend that diagenesis occurred during shallow burial. Dolomitizing
fluids were derived from residual concentrated basinal seawater in the pores under weak oxidation condi-
tions in the early diagenetic stage.

5.4.2. Dolomite With T2 REE Pattern

Dolomite samples with T2 REE patterns (e.g., Sample P-27-E1) probably originated from nonmagmatic
hydrothermal fluids. This can be explained as follows. First, T2 REE pattern is characterized by significant
MREE enrichment, a so-called roof-shaped (upward convex) REE pattern, which is common for hydrothermal
carbonates formed by low-pH crustal fluids [Hecht et al., 1999]. The LREE depletion is caused by the hydro-
thermal recrystallization or remobilization of dolomites [Kucera et al., 2009], and the HREEs are bound to
less soluble minerals additionally causing HREE depletion in diagenetic fluids during REE mobilization [Mor-
gan and Wandless, 1980; Bau and Moller, 1992; Liiders et al., 1993]. Second, these dolomites show high ~REE
(up to 204.8 ppm) and high Mn contents (Figures 6b and 11a), which also are the evidences of occurrence
of hydrothermal fluids. Third, the previous study reported that this kind of dolomites in the northwestern
Tarim basin had the fluid inclusion homogenization temperatures ranging from 90 to 130°C, mainly
~110°C [Zhang et al., 2011], higher than the maximum burial temperature (~100°C) [Ye, 1994; Li et al., 2005;
Li et al, 2011; Zhang et al., 2011]. However, most of the REE distribution patterns of these dolomite samples
show no Eu anomaly (Figure 6b), which suggest that they precipitate at relatively low (or not so high) tem-
peratures (90-130°C), because the positive Eu anomaly is considered to occur at high temperatures (>200-
250°C) [Derry and Jacobsen, 1990; Bau, 1991; Bau and Dulski, 1996; Kucera et al., 2009; Azomani et al., 2013].

Furthermore, dolomite samples with T2 REE patterns plot along the replacement line and near the theoretical
composition of stoichiometric dolomite in MgO-Mg/Ca diagram (Figure 5), suggesting sufficient crystallization,
which is also supported by relatively high Mn and low Sr contents (Figure 11c). Additionally, these dolomite
samples have high Fe abundances (Figure 11b) and slightly negative Ce anomalies or no Ce anomaly (Figure
6¢), indicating a suboxic fluid conditions. Lower Ordovician dolomites in eastern Laurentia, which also dis-
played roof-shaped REE patterns, show similarities with the dolomites of this study and are considered to
have formed from high salinity nonmagmatic fluids under suboxic conditions [Azomani et al., 2013].
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Figure 11. Binary diagrams of (a) Ba, (b) Fe, and (c) Sr versus Mn for estimating
characteristics of diagenetic fluids. Ba versus Mn can reflect participation of
hydrothermal fluids. Fe versus Mn can indicate redox environment of dolomite

formation. Sr versus Mn can recognize recrystallization of dolomites during dia-

genesis. Solid symbol, dolomites with T1 patterns; open symbol, dolomites
with T2 patterns; half left symbol, dolomites with T3 patterns; half up symbol,
dolomites with T4 patterns; half right symbol, dolomites with T5 patterns. CD,
dolomite grains in crystalline dolomites; C, core; R, rim. For data see supporting
information Table S3.

We suggest that the related diagenetic flu-
ids were likely to be derived from deep-
circulating meteoric or marine water carry-
ing crustal features from Cambrian and Pre-
cambrian evaporites and detrital rocks [Li

et al., 2011] without involvement of mag-
matic hydrothermal fluids. Note that the
outer rims of Samples P-27-E1 and P-27-E2
(Figure 7) display obvious Eu anomalies (Fig-
ure 6b) and relatively low contents of Fe and
Mn (Figure 11b), implying the probable
influence of magmatic hydrothermal fluids
(for detailed interpretation, see next
section).

5.4.3. Dolomite With T3 and T4 REE
Pattern

Most of dolomite samples with T3 and T4
REE patterns (e.g., Samples Y-4-E1 and K-8-
E1) have relatively high Ba or Mn contents,
indicating the derivation of hydrothermal
fluids (Figure 11a). Studies on the fluid inclu-
sions in this kind of diagenetic dolomites
from the Tarim basin demonstrated that the
homogenization temperatures could reach
173-200°C [Zhu et al., 2010; Zhao et al.,
2012]. Furthermore, most of these dolomite
samples show relatively high Sr and low Mn
contents (Figure 11c), which indicates they
were precipitated from the diagenetic fluids
directly instead of recrystallization (recrystal-
lization would result in depletion of Sr and
enrichment of Mn) from host rocks [Qing,
1998; Hecht et al., 1999; Jacobsen and Kauf-
man, 1999; Derry, 2010]. This can also be
proved by clearer dolomite crystals with big
size and bright red or even orange yellow
CL (Table 1), as well as MgO-Mg/Ca diagram
(Figure 5), where these diagenetic dolomite
samples fall near the theoretical composi-
tion of stoichiometric dolomite [Warren,
2000; Chen et al.,, 2010]. There is a little dif-
ference between T3 and T4 patterns. Rela-
tively flat REEs and low XREE values are
shown in T3 patterns, while obvious LREE
enrichment and high XREE are shown in T4
patterns (Figures 9d and 9e). This may be
related to the occurrence of associated
quartz veins in dolomite samples with T4
patterns (Sample K-8-E1; Figure 4h), and the
further study is need to provide the accurate
interpretation.

It is notable that these dolomites show significantly positive Eu anomalies (Figures 6b, 9d, and 9e). Positive Eu
anomalies of hydrothermal fluids can be inherited by fluid-rock interaction with feldspars [McLennan, 1989]
but physicochemical conditions are also important [Bau, 1991; Hecht et al., 1999]. In high-temperature regimes
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Figure 12. A summary of major, trace, and rare earth elements of the analyzed dolomites and the nature and origin of the related diage-
netic fluids. The data of fluid inclusion homogenization temperatures are from references. A-F represent dolomite types based on the
petrology examination (for details see the text); RB, rim of dolomite grain in crystalline dolomites; RE, rim of dolomite grain in siliceous
rocks; (C), core; (R), rim. T1-T5 represent dolomite types divided by geochemical features in Figure 9.

(>200-250°C), Eu*" can be fractionated from the other REE because with increasing temperature, the oxygen
fugacity at which Eu®" is reduced to Eu*" increases and the reduction occurs more easily [Bau and Moller,
1992; Bau and Dulski, 1996; Hecht et al., 1999]. Besides, the larger water/rock ratio (w/r) is, the lower tempera-
ture for reduction is required [Bau, 1991]. The REE pattern of the fluid is considered to be controlled by sorp-
tion processes under acidic conditions, which preferentially provided Eu as Eu?* status and thus results in
positive Eu anomaly in the fluid [Bau, 1991; Kucera et al., 2009; Morgan et al., 2013]. Therefore, positive Eu
anomalies are typically found in acidic, reducing hydrothermal fluids [Frimmel, 2009]. The reducing environ-
ment is also indicated by relatively low contents of Fe and Mn (Figure 11b) and slightly positive Ce anomalies
(Figure 6¢) in dolomite samples with T3 and T4 REE patterns because Ce depletion absents in hydrothermal
precipitates as a result of a shift of the Ce**/Ce* redox equilibrium toward higher oxygen fugacity with
increasing temperature [Frimmel, 20091.

We infer that these acidic, reducing, and extremely high-temperature (~200°C) diagenetic fluids were most
likely to be derived from the magmatic hydrothermal fluids. Note that Samples D-2 and D-7 were collected
from an outcrop section (i.e.,, DBTG Section) where a 3 m thick diabase sill intruded roughly along the strata
(Figure 3a). Permian volcanic-magmatic events were highly active in the Tarim basin [Yang et al., 2007; C. L.
Zhang et al., 2008; Zhang et al., 2010; Zhou et al., 2009; Tian et al., 2010; Yu et al., 2011]. Also, both acidic and
basic magmatic eruptions and diabase intrusions were widely found in the northwestern Tarim basin [Yang
et al,, 2007; Zhang et al., 2010; Tian et al., 2010], which could provide the acidic, reducing, hydrothermal
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diagenetic fluids with high w/r, and thus strongly influence the underlying dolomite strata. Furthermore,
the Precambrian basement of the basin contains plenty of magmatic rocks including granite, bimodal vol-
canic rocks, and mafic dike swarms [Wang et al., 2010; Zhai, 2013] and siliciclastic rocks [Li et al., 2011; Zhai,
2013], which are rich in Eu-bearing plagioclase. The magmatic hydrothermal fluids which interacted with
these plagioclase-rich rocks during the migration upward can be rich in Eu and easily generate positive Eu
anomalies for the diagenetic dolomites [Kucera et al., 2009]. This can also be supported by integrated iso-
topic geochemistry (C, O, and Sr) and fluid inclusion microthermometry [Dong et al., 2013a], which suggest
that dolomite precipitation were associated with the hydrothermal activities induced by intrusive
magmatism.

5.4.4. Dolomite With T5 REE Pattern

Dolomite with T5 REE patterns (e.g., rim of Sample Y-4-E1) has similar geochemical features with the ones
with T1 REE patterns. Thus, it was also probably formed from weakly oxidizing connate brines during burial.
However, petrographic observation indicates that this kind dolomite was generated after dolomites with T1
REE patterns. Therefore, we consider that dolomite with T5 REE patterns was derived from burial dolomitiz-
ing fluids as well, but probably in later diagenetic stages.

5.5. Potential Evolution of the Diagenetic Fluids for the Dolomites

As mentioned in the preceding discussion, dolomite samples with T3 and T4 patterns were likely formed
during the Late Hercynian, related to Permian volcanic-magmatic events. Dong et al. [2013a] also deter-
mined that the timing of hydrothermal dolomitization was constrained within the Early Permian based on
the basin analysis (e.g., regional tectonic history). Since the outer rims of Samples P-27-E1 and P-27-E2 (Fig-
ure 7) were probably influenced by the magmatic hydrothermal fluids, we infer that deep-circulating crustal
hydrothermal fluids (linked to dolomites with T2 patterns) should be earlier than Permian magmatic hydro-
thermal fluids and controlled by primary regional tectonic events and related faults. Tang et al. [2012] sum-
marized controls on the formation and evolution of the fault structures in the Tarim basin could be divided
into seven tectonic stages, i.e., Early Caledonian, Middle Caledonian, Late Caledonian-Early Hercynian, Late
Hercynian, Indosinian, Yanshanian, and Himalayan, thus the deep-circulating crustal hydrothermal fluids
were most likely formed during the Late Caledonian-Early Hercynian (i.e., Devonian), when a great number
of thrust faults were produced in the northwestern Tarim basin [Tang et al., 2012]. This deduction can also
be supported by burial-thermal history reported by Ye [1994] and Li et al. [2011].

Therefore, the potential diagenetic fluid evolution can be described as follows (as summarized in Figure 12):
(1) low-temperature burial dolomitizing fluids under weak oxidation conditions in the early diagenetic
stage; (2) relatively low-temperature deep-circulating crustal hydrothermal fluids under suboxic conditions
during the Devonian; (3) acidic, reducing, magmatic hydrothermal fluids related to Permian volcanic activity;
and (4) burial dolomitizing fluids in later diagenetic stages.

Consequently, on the basis of in situ geochemical analysis and supported by petrographic observation, our

study unravels the debatable issue concerning the nature, origin, and evolution of the diagenetic fluids for

Lower Paleozoic dolomites in the northwestern Tarim basin. Taking saddle dolomites filling in the vugs, for

example, we infer they are probably associated with the deep-circulating crustal hydrothermal fluids, which
supports the views of Zhang et al. [2009] and Pan et al. [2012].

6. Conclusions

This study combines petrography, in situ major, trace, and rare earth element geochemistry of Lower Paleozoic
diagenetic dolomites in carbonate rocks and siliceous rocks in the northwestern Tarim basin and yields the fol-
lowing conclusion concerning geochemical features and origin of the dolomites and related diagenetic fluids.

Six types of diagenetic dolomites can be distinguished based on petrographic observation, including (A) dolo-
mite grains in limestones; (B) dolomite grains in crystalline dolomites; (C) saddle dolomites filling in vugs; (D)
dolomite cements in calcarenites; (E) dolomite grains in siliceous rocks; and (F) dolomite veins in siliceous rocks.

By focusing on individual spots within dolomite crystals, the in situ analysis results demonstrate that the

geochemical data are not influenced by contamination from other components of the samples; thus, this
method is preferred compared with the whole rock analysis. The geochemical features of the diagenetic

dolomites can be divided into five types, and each type is probably formed (or controlled) by specific
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diagenetic fluid as follows. (T1) HREE enrichment, low XREE, no Eu anomaly, low to high Mg/Ca ratios, low
Mn and Ba, moderate Fe, and high Sr contents, the dolomites could be related to low-temperature burial
dolomitization under weakly oxidizing conditions during early diagenesis; (T2) MREE enrichment, high
XREE, various Eu anomalies, moderate to high Mg/Ca ratios, high Mn, Fe, and low Ba, Sr contents, the dolo-
mites were probably the result of recrystallization controlled by relatively low-temperature crustal hydro-
thermal fluids under suboxic conditions; (T3) flat REE pattern, moderate ZREE, positive Eu anomaly, high
Mg/Ca ratios, high Ba, Sr, and low Mn, Fe contents; (T4) LREE enrichment, high ZREE, positive Eu anomaly,
high Mg/Ca ratios, high Mn and Sr, moderate Fe, and low Ba contents, the dolomites with these two pat-
terns were likely to be directly precipitated from acidic, reducing, magmatic hydrothermal fluids; (T5) flat
REE pattern, moderate XREE, no Eu anomaly, high Mg/Ca ratios, low Mn and Ba, moderate Fe, and high Sr
contents, the dolomites could be associated with the burial dolomitizing fluids in later diagenetic stages.

According to the dolomite small-scale geochemical variations obtained by in situ method as well as the pet-
rographic features, the debated issue about the nature and evolution of diagenetic fluids has been solved.
Four stages of the evolution of diagenetic fluids for Lower Paleozoic dolomites can be inferred (in order): (1)
early burial dolomitizing fluids; (2) Devonian deep-circulating hydrothermal fluids; (3) Permian magmatic
hydrothermal fluids; and (4) late burial dolomitizing fluids. The data of this study also reveal that in situ
method, rather than whole rock analysis, should be preferentially applied in geochemical studies of compli-
cated diagenetic history.
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