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Abstract: The Zhangjiawa skarn iron deposit is located at the Laiwu area of Luxi Block, eastern North
China Craton. It is genetically associated with the Early Cretaceous high-Mg diorite, and occurs in the
contact zones between the Ordovician Majiagou Formation limestone/dolomite and diorite. In this paper, we
carried out detailed analyses of major and trace elements in magnetite using electron microprobe and laser
ablation ICP-MS methods, aimed to reveal the geochemical features as well as evolutional trends from the
magmatic to the hydrothermal magnetites and thus provide significant constraints on the genetic processes of
the Zhangjiawa Fe deposit. The results showed that igneous and hydrothermal magnetites in the Zhangjiawa
deposit have distinct geochemical features. Compared with the hydrothermal magnetite, the igneous
magnetite was significantly enriched in siderophile elements such as Ti, V and Cr. High field strength
elements such as Nb, Ta, Zr, and Hf, and moderate compatible elements of Sn, Ga, Ge and Sc, were also
relatively enriched in the igneous magnetite. However, lithophile elements such as Mg, Al, Mn, Zn and Co
were remarkably enriched in hydrothermal magnetite. Ti, V, Cr, Mg, Al, Mn, and Zn typically exhibited
distinct behaviors between the magmatic and hydrothermal systems. Mineralization of magmatic Ti, Cr and
V in magnetite was mainly controlled by temperature, partition coefficient and f, ; whereas Mg, Al, Mn
and Zn commonly enrichment in hydrothermal magnetite through isomorphic replacement was primarily
controlled by water-rock interaction and later stage metasomatism of chlorite and carbonate veins. In
hydrothermal magnetite, cobalt content was strongly affected by sulfide in addition to water-rock
interactions and post-fluid metasomatism, which would decrease drastically in the presence of sulfides. Si,
Ca, Na, Sr and Ba displayed highly consistent geochemical behaviors in both the magmatic and hydrothermal
magnetites systems, while Ti verus Ni/Cr ratio could be used to distinguish igneous and hydrothermal
magnetites. Our analysis indicate that the Zhangjiawa hydrothermal magnetites can be divided into two
stages according to the petrographical evidence. The early-stage magnetite includes early primary granular
magnetite and early secondary magnetites; the late-stage magnetite is composed of late primary and late
secondary magnetites. The primary magnetite commonly has the typical triple point structure, while the

secondary magnetite is characterized as porous and commonly shows irregular, dendritic, skeletal and
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metasomatic relict textures. Mg, Al, Mn, Zn and Co contents continued to increase from the early to late
stage as well as from the primary to secondary magnetite, possibly due to water-rock interactions and
breaking down of chlorite during later alteration. Pores are common in the late stage hydrothermal
magnetite, likely resulted from elevated fluid-magnetite interaction. Therefore, the trace elements in
hydrothermal magnetite not only indicate the physical and chemical conditions of the ore-forming fluids, but
also reflect the properties of the surrounding rocks as well as water-rock interactions.

Key words: magnetite trace elements; skarn iron deposit; laser ablation ICP-MS; metallogenic process
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Table 1 Zhangjiawa hydrothermal magnetite EPMA analysis results
wls/%
( )
TiO, CaO MnO FeO Cr, O3 MgO MgO+ Al Oy Al; Oy SiO, Total
0.076 0.006 0.776 82.886 0.023 6.934 8.512 1.578 0.008 92.287
13LW20
0.058 0.008 0.379 87.756 0.010 5.177 5.420 0.243 0.000 93.631
13LW31 0.087 0.101 0.784 87.535 0.006 3.899 4.554 0.654 0.012 93.078
13LW21 0.027 0.020 0.160 89.820 0.010 2.227 2.637 0.409 0.031 92.704
131.W46 0.032 0.398 0.073 89.997 0.018 0.803 1.404 0.601 1.209 93.131
13LW28 0.181 0.388 0.315 91.375 0.016 0.238 0.782 0.544 0.560 93.616
13L.W43 0.071 0.015 0.051 93.056 0.016 0.156 0.500 0.344 0.042 93.751
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2 LA-ICP-MS
Table 2 Zhangjiawa hydrothermal magnetite LA-ICP-MS analysis results
w,/10°°

( ) Na Mg Al Si P Ca Sc Ti \Y% Cr Mn Co Ni Cu Zn Ga
(n=23) 32.00 1 146.00 1 040.00 3 543.00 49.00 531.00 2.30 11 188.00 3 755.00 12 382.00 1 078.00 102.00 1 058.00 7.90 74.00 47.70
2.40 260.00 532.00 540.00  18.00 47.00 0.00  230.00 2 349.00 5 506.00 561.00 39.00 332.00 0.00 21.00 21.00
187.00 4 785.00 2 251.00 1 322.004 282.00 4 273.00 13.50 75 377.00 4 885.00 55 509.00 4 140.00 143.00 1 665.00 18.00 193.00 193.00

(n=15) 143.00 1 694.00 2 745.00 1 108.00 16.00 153.00 0.40 463.00  842.00 3.00 509.00 10.00  84.00 0.10 37.00 20.70
1.44 488.00 1 499.00 396.00 0.00 0.00 0.10  399.00  748.00 0.00 425.00  5.70 61.00 0.00 7.00 17.70

1 187.00 4 008.00 6 412.00 3 314.00 49.00 729.00 0.60 516.00  930.00 10.00 625.00 19.80 118.00 0.60 144,00 24.90

(n=13) 128.00 2 394.00 4 396.00 5 280.00 59.00 5 053.00 2.60 1 018.00 527.00 5.00 2 251.00 10.00 262.00 0.70 386.00 18.20
25.50 1 144.00 2 638.00 2 130.00 0.00 1 310.00 1.40 446.00 388.00 1.30 1443.00 3.30 213.00 0.00 55.60 15.80

549.00 3 757.00 8 118.00 8 527.00 198.00 11 235.00 4.90 1 627.00 587.00 17.30 2 874.00 43.90 328.00 2.25 1902.00 19.60

(n=15) 559.00 6 352.00 3 938.00 6 661.00 29.00 2 624.00 0.40 286.00 13.00 6.00 796.00 52.00 2.00 0.90 87.00 7.18
1.00 14 668.00 2 116.00 359.00 0.00 24.00 0.08 89.41 344.00 0.00 936.00 46.14 494.00 0.00 58.89 6.20

1 005.00 21 168.00 6 507.00 5 880.00 78.00 1 027.80 0.62 350.49 1 395.00 8.44 1570.00 78.18 904.00 7.33 277.00 8.27

(n=15) 168.00 17 624.00 4 167.00 2 057.00 15.00 201.00 0.30 197.00 1 025.00 2.00 1173.00 61.00 668.00 1.20 156.00 5.82
349.00 3 888.00 2 929.00 4 251.00 0.00 1526.50 0.14 118.00 6.66 0.04 261.00  0.00 0.89 0.00  26.46 5.06

713.50 9 369.00 4 713.00 8 539.00 143.00 3 980.00 0.64 622.00 59.96 48.59 1 438.00 66.43 3.92 4.91 168.10 7.47

(n=23) 137.00 22 882.00 6 556.00 3 626.00 24.00 741.00 0.60 312.00 465.00 67.00 5 026.00 213.00 708.00 10.70 729.00 10.40
33.96 13 801.00 3 530.00 832.00 7.08 152.00 0.32  297.00  392.60 11.63 3 454.00 153.80 640.00 2.93 455.00 8.89

358.00 32 908.00 15 396.00 7 455.00 34.04 2 896.00 1.19 334.00 482.00 307.00 7 248.00 264.00 765.00 44.00 1 261.00 11.85

(n=9) 18.00 49 509.0012 612.00 1 620.00 38.00 43.00 0.60  388.00 115.00 7.00 6 319.00 151.00 134.00 4.10 906.00 8.26
1.60 32 908.00 9 581.00 335.00 0.00 0.00 0.18  302.00 26.00 0.00 2 423.00 74.32 10.40  0.46 586.00 3.08

100.00 64 445.00 15 397.00 3 886.00 121.00 152.00 0.95 648.00 393.00 21.00 8 730.00 193.50 670.00 11.05 1 261.00 11.70

w, /107"

( ) Ge As Sr Y Zr Nb Mo Sn Sh Ba Hf Ta W Pb  Th U
(n=23) 8.21 0.00 7.98 1.93 1.90 6.39 0.45 1.43 8.93 12.15 0.09 0.24 3.06 180 0.56 1.29
23.00 5.70 0.00 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.10 0.40 0.00

86.00 10.20 3.40 3.10 14.30 57.10  2.80 0.51 8.60 1.00 9.90 2.20 4.60 1.80 249.00 2.60

(n=15) 0.16 0.15 1.21 0.03 0.19 0.03 0.03 0.58 0.03 2.52 0.02 0.01 0.01 0.12 0.03 0.04
0.00 0.00 0.10 0.00 0.00 0.00 0.00 0.40 0.00 0.04 0.00 0.00 0.00 0.01 0.00 0.00

0.42 0.62 8.00 0.11 0.89 0.11 0.09 0.74 0.10 26.60 0.11 0.03 0.04 0.99 0.12 0.13

(n=13) 0.26 13.57 13.49 1.19 3.07 0.63 0.09 0.60 0.60 6.82 0.14 0.09 0.34  0.58 0.44 0.41
0.00 1.70 6.20 0.40 0.80 0.10 0.01 0.35 0.31 0.22 0.04 0.03 0.06 0.08 0.10 0.07

0.60 43.50 26.30 1.90 6.60 1.50 0.19 0.94 1.11 21.80 0.40 0.19 2.71 2.34 1.78 0.73

(n=15) 0.18 32.60 3.14 0.47 1.69 0.68 0.30 3.55 3.68 6.48 0.06 0.05 3.55 1.26 0.22 0.36
0.00 0.00 0.01 0.00 0.11 0.03 0.01 1.34 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00

0.45 217.00 15.43 2.40 12.64 2.77 1.10  10.49 17.53 40.31 0.13 0.20 21.37 6.42 1.31 1.53

(n=15) 0.39 4.68 7.98 1.19 4.42 0.75 0.09 2.34 0.23 14.60 0.12 0.06 0.09 0.25 0.65 0.36
0.00 1.85 4.19 0.26 2.13 0.35 0.00 1.42 0.06 8.25 0.03 0.01 0.02 0.00 0.08 0.10

0.83 8.30 11.30 2.05 6.96 1.64 0.23 3.46 0.52 22.29 0.20 0.13 0.26  2.75 1.26 0.90

(n=23) 5.67 0.00 8.12 0.08 0.99 0.60 1.46 0.91 0.51 10.44 0.12 0.06 0.09 1.72 0.29 0.36
5.03 0.00 0.80 0.03 0.46 0.30 0.15 0.63 0.15 1.41 0.00 0.01 0.01 0.3 0.04 0.01

6.65 0.00 17.34 0.16 1.95 1.19 4.58 1.35 1.32 29.03 0.32 0.14 0.16 3.20 1.00 1.00

(n=9) 0.66 1.21 0.56 0.02 3.18 0.48 0.21 3.01 1.47 0.52 0.21 0.10 0.02 0.31 0.01 0.04
0.00 0.00 0.05 0.00 0.35 0.24 0.09 0.91 0.45 0.01 0.07 0.06 0.00 0.00 0.00 0.00

5.03 4.42 1.89 0.06 5.18 1.78 0.41 6.62 3.66 2.03 0.31 0.13 0.05 1.43 0.04 0.14
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6 \ Fe

Fig.6 Covariation diagrams between trace elements and Fe in magmatic and hydrothermal magnetite from the Zhangjiawa iron deposit
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Fig.7 Covariation diagrams of trace elements in magmatic and hydrothermal magnetite from the Zhangjiawa iron deposit
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Fig.11  Covariation diagrams between trace elements and Fe for the different stages of hydrothermal magnetites from the Zhangjiawa iron deposit
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12

Fig.12 Evolutional trends of trace elements for different stages of hydrothermal magnetites from the Zhangjiawa iron deposit
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