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Origin of tourmaline-rich rocks
in a Paleoproterozoic terrene(N.E.China):
Evidence for evaporite—derived boron
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Abstract: We have analysed the major element, trace element and boron isotope composition of borates, tourmaline—rich
(N.E.

China). These rocks host economically important borate deposits that formed in an evaporitic environment. The sequence

rocks and their non—tourmalinised equivalents from the lower portion of the Paleoproterozoic South Liaohe Group

contains abundant tourmaline in leptynites, stratiform tourmalinites, quartz—tourmaline veins and pegmatites that have spatial
and temporal relationships to the borates. Tourmalines distal to the borates have lower 8''B values (—5.2 %o to +3.6 %o)
(+1.8 %o to +9.4 %o)that are slightly lower than those of the borates (av. +10.5 %o).
(<1.0) (>1 to 2.6). These

differences reflect the fact that the evaporites are a major source of B and Mg. The geochemistry of immobile elements in

than those proximal to the borates
Mg/Fe ratios of the distal tourmalines are low relative to proximal tourmaline —rich rocks
the stratiform tourmalinites is similar to that of their unmineralised equivalents (interpreted as meta—tuffites), suggesting that
the tourmalinites formed via alteration of Al—rich tuff layers by boron—rich fluids derived from leaching of the underlying
borates. Field evidence and geochemical data support a three—stage model of tourmaline formation. The first stage was
coeval with deposition of the borates, during which boron from hot springs was adsorbed by clay minerals in the tuffs that

hot fluids leached boron from the

During later emplacement of granites at

were later metamorphosed to tourmaline —bearing leptynites. In the second stage,
evaporites and passed through overlying tuffs to form the stratiform tourmalinites.
the base of the sequence, felsic veins and pegmatites intruded the borates and tourmalinites. Boron from the borates diffused
into the felsic veins, forming coarse—grained tourmaline at their margins. This association of tourmaline with the borate deposits

emphasizes the significance of tourmaline—rich rocks as a prospecting guide for borates in this area and has implications for

the origin of tourmalinites in other metamorphic terrenes.
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0 Introduction

The origin and significance of tourmaline —rich rocks in
metamorphic terrenes, especially those associated with SEDEX—
type massive sulphide deposits, are of interest to both petrologists
and economic geologists. The geology, geochemistry and boron
isotope composition of these rocks provide information concern-
ing the nature of the hydrothermal fluids responsible for their
formation and the depositional environment and has significance
for the origin of associated ore deposits!'™.

The Paleoproterozoic borate deposits of Liaoning and Jilin
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Provinces are the major boron source in China. They are unusu-
al in that all the world’s other major borate deposits are located
in Neogene (or younger) sediments!®. Early studies suggested the
Liaoning borates were skarns!”, or metamorphosed volcano—sed-
imentary deposit®, but recent work suggests they are metamor-
phosed evaporites in which the borates were originally present as
evaporite minerals!"™2.

There is a close spatial association between the borates and
tourmaline—rich rocks in the area, providing an opportunity to
test the genetic link between these rocks, which has been in-
ferred in other geological settings®". In Liaoning, tourmaline is

present in stratiform tourmalinites, tourmaline—bearing leptynites,
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Fig. 1 Regional geology of the borate deposits in Liaoning

and Jilin Provinces, China. The upper left insertion shows

the tectonic location of the South Liaohe Group that hosts
the borate deposits (modified after Zhang!™, 1984)

tourmaline—quartz veins and pegmatites. An association of tour-

maline with local granites has been used to suggest that the bo-
rate deposits are related to emplacement of these granites”¥. To
test this hypothesis we have carried out a chemical and isotopic
study of the tourmaline—rich rocks. This work has relevance to
studies of metamorphosed evaporites and tourmalinites elsewhere

in the world.

1 Geological setting

The Paleoproterozoic South Liaohe and Jian Groups in
Liaoning and Jilin Provinces form an east —west striking vol-

cano—sedimentary sequence that extends for 300 km (Fig. 1).

To the north it is bounded by a fault contact with the North
Liaohe Group. The sequence is interpreted as a paleo—rift sys-

t 571 filled with sediments

tem in an Archean greenstone bel
2 300 Ma old """, Recently, Peng and Palmer (1998)proposed
apost—collision model for the Paleoproterozoic tectonics.

The stratigraphy of the Liaoning borate deposits has been

9

described by Peng and Palmer!". Briefly, the sequence com-

prises (in ascending order) four major lithologic units (Fig.2):
(unit 1) magnetite —microcline rocks, (unit 2) biotite leptynites,
(unit 3) tourmaline—bearing or tourmaline—rich leptynites with
intercalations of borate —hosting magnesian marbles, and (unit 4)
magnetite — or rutile —bearing leptites. Amphibolite lenses are
intercalated within all the units. The magnesite and/or dolomitic

carbonates are the exclusive host of the borates and are often al-
tered to diopside— and forsterite—bearing rocks. The main bo-
rate minerals are suanite, szaibelyite and ludwigite.

The magnetite— microcline rocksare interpretedas metamor-

[10-1219]

phosed red beds formed in an arid environment The lep-

tynites and leptites have high levels of Na, K and B. Their
chemistry and zoning are similar to volcanic tuffs altered in a

saline lake setting 2,

compatible with the hypothesis of an arid
depositional setting for the base of the Liaohe Group " The
evaporitic sequence is overlain by graphite —rich metasediments
of the Gaojiayu Formation. The South Liaohe Group experi-

enced amphibolite —facies metamorphism and strong, multiple

deformation at 2 100~2 000 Ma,
granites ~1 900 Ma >,

and was intruded by A—type

Table 1 Geological characteristics of tourmaline-rich and tourmaline—bearing rocks

in Liaoning and Jilin Provinces

Occurrences

Structures and textures

Mineralogy

Stratiform
Tourmalinites

In unit 3,restricted within the range
of borates; occur as hanging walls
of the borates, hosted mostly in
biotite leptynites; lenticular, up to
200 m along strike

Tourmaline-
leptynites

Hosting borates; up to tens of
metres thick and can be traced for
kilometers along strike; they are
stratigraphically equivalent to the
stratiform tourmalinites and a mark
layer of unit 3

Tourmaline
veins

Crosscutting characteristically the
borates-carbonates; also found in

amphibolites; small size; usually

occur near pegmatites

Tourmaline
pegmalites

Can crosscut a variety of
lithologies,but more commomly
occur within or adjacent to the
borate-carbonates; tourmaline often
occurs at the margins of pegmatites

Banded structures with relict beddings similar
to those of the host rocks; tourmaline shows
metamorphic textures and the c-axis of
tourmaline parallel to S;

Striking beddings expressed by biotite,
amphiboles and tourmaline bands, parallel to
S; in most places except in fold hinges; the
minerals  exhibit  granoblastic  texture;
tourmaline can either be inclusions in quartz
and feldspars or encloses the latter to form
poikiblastic texture

Crosscutting Sy, as veinlets, irregular veins or
disseminations in the host rocks; tourmaline
grains and associated quartz+feldspars are not
deformed

Crosscutting S;, as veins or stockworks;
tourmaline coarser than other categories; no
preferred orientation

Tourmaline accounts for 20%—90%;the associated minerals are
Quartz, biotite and feldspars, which are dependent upon the host
lithology; other accessory minerals are similar to their host
rocks but lack magnetite and ilmenite

Quartz,K-feldspar or albite,with or without plagiocalse, dark
colored minerals include biotite,tremolite/diopside or
hornblend/hend-bergite;tourmaline may account for <5% to up
to 20%;accessory minerals include magnetite, ilmnite,zircon,
sphene, and apatite, etc..

Tourmaline is associated with tremolite, phlogopite (in
carbonates) or actinolite (in amphibolites); with or without quartz

Relatively simple mineralogy, dominated by tourmaline, quartz
and feldspars




242 i E5| i

=

20044F

e
(IR LLITT T

il |

T vothicvies
[ ™

;i!!!'ii i

[ L ] [ ] ¥ i
PR u:.ilhl -4 - m e {asmorssslfl i
1__& Pl & 4 B e

Fig.2 Stratigraphic sequence of the borate—hosting sequence and occurrences of tourmaline—rich rocks (not to scale)

Fig. 3 Microphotographs of tourmaline—rich rocks

A— Tourmaline—leptynite away from borates (LN—14), the fine—grained tourmaline is enclosed by quartz, feldspar and coarser tourmaline
overgrowth; B—Tourmalinite from immediate hanging wall of borate (HX—25); C—Tourmalinisation in amphibolite (from Wengquangou);
D—Tourmaline—phlogopite rock adjacent to pegmatite that crosscuts borate—carbonate (H5—92). Width of view field 4 mm, plane—

polarized light. Mineral symbols: Q=quartz, TOU=tourmaline, AM=amphibol, PHL=phlogopite, MIC=microcline
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2 Occurrences and petrography of tourmaline—
rich rocks

Within the study area, tourmaline —rich rocks can be
broadly classified as stratiform tourmalinites and tourmaline —rich
leptynites, discordant veins and pegmatites (Table 1).These rock
types are hosted by various lithologies, but are most common in
unit 3 where they have a close spatial association with the
borates.

2.1 Stratiform tourmalinites and tourmaline -bearing

leptynites

These rocks can be discontinuously traced for >100 km,
but they are most abundant in the immediate area of the borates.
The host rocks of the tourmalinites are dominated by biotite —
leptynites and, less commonly, amphibole (tremolite) —leptynites.
Thick tourmalinite layers (up to 90% tourmaline) are only found
in the direct hanging walls of the borates and tourmaline
concentrations in the rocks decrease away from the borates. This
close association has led to the use of tourmaline as a prospecting
guide for blind borate bodies (J.D. Liu, 1992, pers. comm.).

The leptynites have a banded structurethat is most com-
patible with a sedimentary origin. The leptynites mineralogy
consists mainly of feldspar, quartz, biotite or amphibolite and
variable amounts of magnetite. The tourmaline—rich bands are
hosted conformably in the leptynites and have sharp upper and

1% The tourmaline bands

lower contacts with their host rocks
show the same folding as the biotite and amphibole bands in
their host rocks, and there are no penetrative tourmaline veinlets
that may suggest channel—ways for boron—rich fluids in the fold
hinges. This suggests a pre— or syn—metamorphic precipitation
of tourmaline.

In tourmaline —leptynites (<10% tourmaline), tourmaline
occurs either as small inclusions (50 pm) within, or as poikiloblastic
grains intergrown with quartz and feldspars (Fig.3—A). The
tourmaline grain size increases with increasing tourmaline
enrichment, and it more commonly exhibits poikiloblastic
textures enclosing feldspars and quartz (Fig.3—B). Metamorphic
recrystallisation  of the tourmaline is suggested by the
poikiloblastic texture and grain boundaries  (Fig.3 —B).
Tourmaline is generally associated with quartz, and the contents
of feldspars and dark minerals (biotite and/or amphiboles)
generally decrease with increasing tourmaline enrichment. In
highly enriched tourmalinites (dominated by tourmaline and
quartz), feldspars (mostly microcline) are enclosed in tourmaline
and quartz as relics.

There are striking similarities in mineralogy between the

tourmaline —rich rocks and the host leptynites. The species of

dark minerals (biotite, tremolite etc.), feldspars (albite or
microcline) and accessory minerals (zircon and apatite) in the
tourmaline —rich bands are identical to those in the
untourmalinised equivalents, even when tourmaline enrichment
is >50%.
2.2 Tourmaline-rich veins and pegmatites
Tourmaline—bearing quartz veins and pegmatites crosscut a
variety of lithologic units, but they are generally restricted to the
borate bodies or their stratigraphic hangingwall. Within these
occurrences tourmaline is usually present as rims to the veins and
is only abundant in veins and pegmatites that crosscut the
borates or borate —bearing carbonates and calc —silicates 2.
Tourmaline alteration is present adjacent to these veins in
amphibolites and calc —silicates, mostly as irregular veinlets.
Within the amphibolites,  the alteration is characterised by
replacement of hornblende and plagioclase by actinolite and
tourmaline (Fig.3 —C). In the calc —silicates and marbles,
tourmaline is associated with phlogopite or actinolite/tremolite

(Fig.3-D).
3 Tourmaline chemistry

Tourmaline was analysed by wavelength—dispersive elec-
tron microprobe methods for 11 major and minor elements.
The analyses were carried out at Bristol, using a JEOL—8 600
Superprobe coupled with a Link computer. Operating condi-
tions were: accelerating voltage 15kV, beam current 15 nA, and
counting times 15 sec on peak, 8 sec on background. Correc-
tions were made with the ZAF method. Standards used were
natural minerals and synthetic compounds, including SiO, (Si),
MgALO, (Al), SrTiO; (T1), Fe,O; (Fe), olivine (Mg), MnO (Mn),
CaSiO; (Ca), albite (Na), adularia (K), MgF, (F), and a pantel-
lerite glass (Cl). The beam was tightly focused to a 1—2 pm spot.
The 95 analyses that were performed on 15 samples cover most
of the different occurrences of the tourmalinites and tourma-
line—bearing rocks.

The tourmalines lie along the schorl—dravite solid solution
series (Table 2). On Al—AlsFes—Al;Mgs, and Ca—Fe—Mg ternary
plots the data fall closer to the dravite end member (Fig4). The
largest chemical variations occur in the Mg/Fe ratios, and less
significantly, K/Na ratios (Table 2). In general, the distal tour-
maline —leptynites have lower Mg/Fe ratios than the proximal
tourmalinites (up to 2.6). High Mg/Fe ratios are also character-
istic of the tourmaline veins in and/or overlying the borates and
magnesian carbonates (1.2~ 2.6). The K/Na ratios are a function

of their host lithologies. The tourmalines hosted in microcline—
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Fig. 4 Al-Fe—Mg and Ca—Fe—Mg plots of tourmaline
Areas after Henry and Guidotti (1985). Numbers in Al-Fe—Mg plot: 1—Li—poor granitoids and associated pegmtites;
2—Metapelites and metapsammites coexisting with an Al—saturated phase; 3—Metapelite and metapsammites not associated
with an Al—saturated phase; 4—Fe’*—rich tourmalinites, calc—silicates and metapelites. Numbers in Ca—Fe—Mg plot:
1— Ca—rich metapelites, metaspsammites and calc—silicates; 2— Ca—poor metapelites, metaspsammites and calc—silicates;

3— Li—poor granitoids and associated pegmtites; 4— Li—rich granitoids and associated pegmtites
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Fig.5 Trace element correlation plots of the stratiform tourmaline—rich rocks (solid circles)

and their untourmalinised equivalents (open circles)

rich leptynites have higher K/Na than those in the albite —rich .
rocks (Table 2). 4 Whole rock chemistry

Optical zoning is not common, but simple zoning is seen Only the geochemistry of the tourmaline —bearing lep-

in some tourmalines in the leptynites or tourmalinites. Chemical tynites and stratiform tourmalinites is discussed here.

zoning is shown by several samples, mostly in the distal tourma- 41 Major element geochemistry

line. In most cases zoning is characterised by more schorl—rich There is a wide range of major element compositions. SiO,

cores and dravite—rich rims, which is more pronounced in the varies from 56% to 70% and A1,0; and MgO levels decrease

distal tourmaline —leptynites than in the proximal tourmalinites with increasing SiO, in the tourmalinised and untourmalinised

or tourmaline veins. The boundaries between the rims and cores leptynites and leptites(Table 3). In contrast, tourmaline concen-

vary from sharp to gradational. tration does not show a significant correlation with SiO,"), sug-
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Table 3 Chemical analysis of the leptynites and the stratiform tourmaline—bearing and tourmaline-rich rocks

H5-112H1-43 Ta-12 H4-39 WI-9 RI11

R4 1-11 H5-60 H5-70* H5-76* H5-79* Dc-10* W1-6*

Major elements (%)

Si02  56.01 66.72 62.66 5791 6236 63.50
AlLO; 1599 1519 1399 18.01 1541 13.01
FeOs 177 579 408 641 552 996
FeO 447 208 261 221 176 245
TiO 0.61 056 0.75 045 060 0.55
P,0s 0.10 007 0.5 0.01 0.12 0.01
MnO 009 002 0.04 006 017 0.04
CaO 053 060 119 3.18 043 0095
MgO 789 364 429 735 182 3.01
K:O  11.15 30.16 730 0.10 1052 3.66
Na,O 086 3.04 123 1.2 110 1.23
Los 1.11 152 113 278 042 1.01

69.31 7337 63.69 7227 7048 65.59 73.93
12.86 14.23 1828 14.80 10.80 14.33 7.53
538 043 0.59 1.19 043 353 9.82
1.59 0.77 1.04 091 213 257 1.53
0.49 0.61 0.67 045 050
0.08 0.31 0.12 010 009 0.17 0.10
0.03 0.03 0.04 0.11 0.09 0.11 0.13
090 2.17 095 086 1.83 031 0.32
353 0.79 134 080 559 265 0.51
3.10 0.88 883 205 297 531 5.66
1.16 598 421 646 395 3.99 0.34
0.93 0.92 057 045 057 038 0.26

0.66 0.30

Trace elements (10'6)

Cr 804 578 103 477 423 905
Rb 320 431 114 173 374 673
Sr 145 123 157 320 134 217
Ba 615 40 444 14 1458 135
Zr 254 223 260 261 186 210
Hf 750 370 4.10 530 15.10 8.00
Nb 29.9 155 155 175 231 849
Ta 340 340 3.10 3.10 2.00 3.50

Th 14.01 801 402 326 1991 134
La 103.6 37.67 29.03 5.73 48.77 17.77
Ce 2302  80.8 62.11 1093 117.5 37.09
Nd 67.56 2522 2312 3.69 39.53 1551
Sm 897 385 332 046 605 291

Eu 228 052 098 0.09 242 0.71
Gd 1594 676 6.64 091 107 4.03
Yb 137 071 080 026 093 0.55
Lu 0.19 010 0.10 0.05 0.13 0.10
Y 15.19 851 1125 205 11.72 7.50

504 542 654 427 638 557 18.7
36.6 24 147 272 164 418 168
171 136 797 394 199 316 97.9
383 219 897 331 174 1555 3872
200 438 329 302 196 1199 63.8
6.00 4.10 500 11.70 5.00 15.10 6.30
194 172 274 254 20 855 13.2
330 3.00 370 300 290 1.20 1.00
695 7.69 2049 895 895 1535 6.68
34.61 4821 6523 3753 3753 3799 14.79
79.99 1252 138.66 7937 7937 85.53 31.06
28.87 4229 4596 2534 2534 2828 1246
6.01 7.04 884 327 327 427 1.94
1.09 249 264 070 070 2.16 3.32
8.64 1136 1235 615 615 527 3.03
1.33  1.68 1.95 1.01 0.75  0.66 0.97
022 0.19 035 0.11 0.11  0.04 0.12
12.90 20.40 4531 9.55 955 10.05 12.49

*untourmalinised leptynites
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Fig.6  Chondrite—normalised REE patterns of the

tourmaline-rich rocks and tourmaline—poor leptynites
gesting that high boron levels arose from addition of boron to
the rocks rather than being inherited from enrichments in acidic
protoliths.
4.2 Trace element geochemistry

Elements generally considered to be immobile during wa-
ter—rock interaction show good correlations between their con-
centrations in the tourmaline—rich rocks (including the tourma-
linites) and the untourmalinised leptynite and leptite equivalents
(Fig. 5). Again, this suggests that the tourmaline formed by se-

lective replacement of Al —rich layers in the original tuffs by

boron—rich hydrothermal fluids. Due to Nb and Ti anomalies a
small number of samples do not fit the trends on Nb—Ce, Nb—
La and La—Ti diagrams, which have lowered the correlation co-
efficients (Fig.5—b, 5—c, and 5—d). This could be due to het-
erogeneous distributions of Nb— and Ti—hosting acessory miner-
als in the pyroclastic rocks, which do not host much HFSE.
Similar behaviour has been seen elsewhere in tourmalinites host-
ed by clastic sediments®?!.

The rare earth element (REE) patterns of the tourmaline—
rich rocks are also similar to those of the metamorphosed pyro-
clastic rocks (Fig. 6). The more pronounced negative Eu

anomalies of the tourmaline —rich rocks may reflect a breaking

down of plagioclase during the tourmalinisation.

5 Boron isotope geochemistry

Boron isotope ratios were analysed in borates and tour-
maline mineral separates from the area using the methods de-
scribed by Palmer and Slack™. The results are listed in Table 3
and are expressed in terms of 6B values, where:

0'"B = { [("B/"Bamic)/ ("B/ "B 1=1 }X10°



248 H I o 5t 20044F
i +9.4 %o (Table 4, Fig. 7).
Tourmaline-leptynites away from Tourmalines from tourmaline —leptynites and stratiform
3 bomees tourmalinites proximal to the borates have 6B values of +1.8 %o
2 1 to +9.3 %o,slightly lower than those of the underlying borates.
14 Tourmalines from distal leptynites show lower 6"B value s

%é

0 T T T T j
12 -8 4 0 4 8 12 16
Tourmaline-rich leptynites

and tourmalinites
near borates

Number of samples
o

-2 -8 -4 0 4 8 12 16

Tourmaline veins

-1I6 -2 -8 4 0 4 8 12 16
8"B(%o0)
Fig.7 6"B histograms of tourmalines from the evaporitic
sequence. Boron isotope composition range of borates is

given for comparison

The standard is NBS boric acid SRM951. Approximately
100 analyses of this standard at Bristol yielded an average "B/"B
ratio of 4.0529 (£0.12%o, 0.20).

The borates have a relatively narrow 8"B range of +7.5 %o to
+13.0 %o (Peng and Palmer, 1995 and unpublished data). The

0"B values of tourmalines span a wider range, from —12.4 %o to

(—=5.2%0 to +3.6 %o), with the lowest value (—5.2 %o) occur-
ring in fine—grained tourmaline that shows textural evidence of
a metamorphic origin from boron —enriched sediments (sample
LN—14).Tourmaline from the quartz—tourmaline veins and peg-
matites have more variable "B values (—12.4 %o to +9.4 %o). In
general, tourmalines from the pegmatites have lower 8'"B values
than those from the quartz—tourmaline veinlets in the borate —
carbonates, although low 8"B values (+1.3 %o) are found in
quartz —tourmaline veins with associated phlogopite (sample

H5-92).
6 Discussion

6.1 Comments on the previous models for of the origin
tourmaline—rich rocks
There have been several models for the origin of the tour-
maline —rich rocks associated with the Liaoning and Jilin borate

deposits. The tourmaline has been described as the product of

S [7,14]’

metasomatism associated with intrusion of granite: boron—

s 5% chemical sediments resulting from seafloor

rich acidic lava
hydrothermal plumes®?, and boron—rich argillaceous sediments .
A granitic origin for the tourmaline is not appropriate for
several reasons. Firstly, tourmaline in the stratiform tourmalinites
and leptynites formed mostly during regional metamorphism (S)),
predating the emplacement of the granites. Secondly, A-—type
granites are not generally boron —rich and rarely contain high

tourmaline concentrations. This contrasts with S—type granites

Table 4 Boron isotopic composition of tourmaline

8 "B (%o)

Location and description

Tourmalintes and tourmaline-bearing leptynites form the hanging wall

leptynite, Zhuanmiao
leptynite, Zhuanmiao
leptynite, Zhuanmiao
gneiss, Huayuangou, Zhuanmiao

leptynite, Zhuanmiao

Tourmaline vein in borate—carbonates, Zhuanmiao
Tourmaline quartz vein in borate-carbonates, Zhuanmiao
Tourmaline pegmatite in borate-carbonates, Zhuanmiao
Tourmaline-phlogopite vein in borate-carbonates, Wengquangou

Felsic vein with trace tourmaline in hanging wall amphibole leptynites, Wengquanggou
Tourmaline-pyrite quartz vein in borate-carbonates,Wengquangou

H4-49 +5.84£0.3 +6.0+0.3 Tourmalinite, Zhuanmiao

LN36 +9.0+£0.3 +9.6+0.3 Tourmaline-microcline

LN-38 +8.1+0.4 +8.34+0.4 Tourmaline-microcline

LA-12 +8.84+0.2 +8.94+0.4 Tourmaline-microcline

HS5-112 +1.84+0.3 +1.84+0.2 Tourmaline-microcline

R-11 +2.44+0.2 +1.9£02 Tourmaline, Errengouo

LN-31 +3.24+04 +2.54+0.5 Tourmaline-microcline
Tourmaline veins from hanging wall and borate-bearing carbonates
LN34 +7.5+0.4 +6.6+0.3

LN35 +9.240.3 +9.6+0.4

LN-37 +0.5+£0.4 +0.9+0.2

LN-21a +3.2+¢0.4 +2.4+0.3

LN-21b +1.3£0.4 +1.1£0.4 Tourmaline quartz vein, Wengquangou
LN-15 -12.310.2 -124+03

LN21c -4.0+0.4 -3.1£0.3

LH5-92 +1.3+0.4 -0.2+0.4

phlogopite-rich rocks in carbonates,rimming pegmatite,Zhuanmiao

Tourmaline-bearing leptynites away from the borate bodies

Tourmaline-leptynite (mostly early, fine-grained tourmaline),Lugong

LN-13 +2.84+0.2 +2.440.2 Tourmaline—leptynite, Lugong
LN14 -5.2%0.3 -5.2%0.4
H1-43 +4.040.2 +3.6+0.4 Tourmaline—albite leptynite, Zhuanmiao
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that are often associated with extensive tourmalinisation in the

granites and country rocks®.

Thirdly, significant occurrences
of tourmaline related to granites are often accompanied by
polymetallic mineralisation, e.g., Sn and W. In the Liaoning area
there is no significant mineralisation of this type either within or
adjacent to the granites. Lastly, the tourmaline —bearing felsic
pegmatites are related to the granite, but they are only tourma
line —bearing where they crosscut the borate bodies. In these
cases tourmaline is present in the rims of the pegmatites and ap
pears to have formed by boron diffusing into the pegmatite from
the borates. Felsic veins and pegmatites in the footwall of the
borates and within the granites themselves only contain sparse
tourmaline. These observations suggest that tourmaline in the
felsic veins and pegmatites was derived primarily from the bo-
rates during emplacement of the granites, rather than from
granitic melts.

An acidic volcanic protolith is not supported by the field
evidence or geological studies. The sedimentary bedding in the
tourmaline—rich leptynites precludes a lava precursor. The lack
of a significant correlation between B and Si concentrations con-
trasts to that expected in an acidic magmatic differentiation trend
{101

Marine sediments have boron concentrations up to
2 000 X107 P4 but these are insufficient to account for the presence
of tourmaline—rich layers and tourmalinites as diagenesis and/or

metamorphism of such clays only produce a few percent tour-
p y y p p

maline in the rocks P27,

whereas up to 50% tourmaline is ob-
served in some rock units of Liaoning and Jilin. However, the
tourmaline in leptynites containing <5% tourmaline, which are
continuous throughout the study area may have formed by ad-
sorption of boron to clay—rich sediments. This is consistent with
the textural evidence that the tourmaline formed earlier than
most other metamorphic minerals (Fig.3—A).

Boron is enriched in submarine and subaerial hydrothermal

=0 and boron—rich fluids are involved in the formation

waters
of stratiform tourmalinites. However, hydrothermal fluids do not
contain sufficient Al to produce large volumes of tourmaline on
their own P; hence the formation of tourmalinites requires that
they form by replacement of Al—rich protoliths rather than by
direct precipitation from fluids >,
6.2 Timing of the tourmalinisation

Field and structural evidence indicates that tourmalinisation
took place both during and after the peak regional metamor-
phism. Tourmalines in the tourmaline—leptynites and stratiform
tourmalinite layers have granoblastic textures and are oriented

parallel to S;.  These suggest that they formed during or before

the syntectonic, peak metamorphism. The small tourmaline grains
enclosed within quartz and feldspars in the leptynites (Fig. 3)
suggest an earlier, less volumetric, formation of tourmaline.
Some of these small tourmaline grains may be of detrital origin,
but the lack of sharp core boundaries and the absence of other
associated heavy minerals (e.g., zircon and ilmenite) suggest that
they are authigenic. One possible interpretation is that they rep-
resent boron enrichment via clay adsorption during deposition
and diagenesis of the borates. In this scenario, adsorbed boron
was released from the clay minerals (that were later metamor-
phosed to form biotite and/or other silicates) during diagenesis/
early metamorphism to form small amount of authengenic tour-
maline. This process is relatively common in boron—rich meta-
morphic sediments P4 This hypothesis is supported by the close
association between tourmaline and biotite layers in the lep-
tynites. The coarser tourmaline grains account for >90% of the
total tourmaline in the rocks and are intergrown with quartz and
feldspars.  This later generation of tourmaline represents more
extensive hydrothermal boron enrichment that overprinted the
earlier tourmaline, as suggested by their textural relationship
(Fig.3—A). The two processes were continuous within the same

The identification of the two

In the

metamorphic —tectonic episode.
generations is easier in rocks distal to the borate bodies.
immediate hanging walls of borate bodies, the tourmaline is
dominated by the extensive tourmalinisation of the second gen-
eration.

The pegmatites and tourmaline veins in different litholo-
gies all crosscut S;, and are associated with the A—type granites.
Their textures suggest a hydrothermal origin, similar to the gran-
ite—related tourmalinisation found in many Sn—W deposits P
The irregular quartz —tourmaline veins and tourmaline —peg-
matites are controlled by the same fracture system and are spa-
tially associated with one another, with the former surrounding
the latter. This indicates that they formed during the same post—
tectonic hydrothermal event that is related to the granite em-
placement.

6.3 Sources of boron

The intimate spatial and temporal relationship between the
tourmaline —rich rocks and the borate bodies suggest a genetic
link between them, i.e., the borates acted as the source of boron
in the overlying tourmalines, and the boron —rich fluids that
precipitated borates may also have contributed boron to the
clay—rich sediments (tuffs). Non—marine evaporites can contain
high boron concentrations “and they are readily leached of this

boron by circulating hydrothermal fluids, as shown in the mo

dem Salton Sea geothermal field ®. Boron—rich evaporites and
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evaporitic sequences have been identified in Precambrian ter-
ranes elsewhere, e.g., Broken Hill, Australia#*?and Barberton,
South Africa . Hence, the classification of the Liaoning borate
deposits as evaporites is consistent with their geological and geo-
chemical setting!™, and their role as a source of boron for the as-
sociated tourmaline—rich rocks.

The use of the 6'B value of tourmaline to calculate that of
the original fluids requires that there is no boron loss from the
rock system during metamorphism, as this would produce lighter
0'"B values in the reprecipitated tourmaline than the original
rocks . The restriction of tourmaline—rich rocks to unit 3 and
the absence of high boron concentrations outside this unit sug-
gest there was not substantial release of boron from metamorphi-
cally recrystalised tourmaline. Hence, the tourmalines may record
the original "B of fluids from which they formed. As hy-
drothermal fluids circulate through sediments boron is leached
from the host rocks with no apparent isotope fractionation™*,
During formation of tourmaline from aqueous fluids the light
isotope,'’B,is enriched in the tourmaline™with the degree of iso-
tope fractionation being temperature dependent ™.

The three principal borate minerals (suanite, szaibelyite
and ludwigite) are not primary evaporite minerals found in un-
metamorphosed borate deposits . The textural and geochemical
evidence suggest that these minerals were originally hydrated
Mg—borate minerals, such as inderite and pinnoite, that were
dehydrated during progressive metamorphism to form suanite
and ludwigite and partially rehydrated during retrograde meta-

[12]

morphism to form szaibelyite Boron is very mobile during

water —rock interaction, so during dehydration reactions it is
likely that some boron was lost from the borates. This would
lower the 8"B of the residual borates™*!.

The tourmalines have 8''B valuesin the range —14%oto +10 %o,
which are lower than those of the borates (Fig.7, Table 4). The
0"B values of tourmaline from tourmalinites and tourmaline —
rich rocks near the borates range from +1.8%0 to +9.3 %o
(average 5.9 %u), slightly lower than those of the borates (+7.5%o to
+13.0 %o). If the borates were the principal source of boron for
the tourmalines the offset in 6"B values of 4.6 %o implies an
average temperature of formation of 500—550 °C for the tour-
The peak

metamorphism temperature, calculated via garnet—biotite (gneis-

maline ®*),  with 700°C as the upper limit.
sis from the Gaojiayu Formation) and hornblende —plagioclase
(from amphibolites in the borate deposits) geobarometers, was
650—750°C (D.Q. Hu, 1994, pers. commun.). This is consistent
with the textural evidence that tourmaline formed before the
peak metamorphism and was recrystalised during metamorphism.

Distal tourmalines have lower "B values  (=5.2%0~+3.8 %o,

average +0.7 %o). If the boron also came from the borates, this
would imply a lower temperature of tourmaline formation. The
sample with predominant pre —metamorphic boron—enrichment
(LN—14) has the lowest 6'B value (—5.2 %o), which gives an off-
set in 8"B values of 15 %o, indicating a maximum temperature of
formation of 200—300°C ¥, Although it should be noted that
the 6"B of the borates may have been lowered during metamor-
phism, and would imply an even lower temperature for the for-
mation of tourmaline. It is also possible that the fluids precipitat-
ing the early tourmaline had lower 6"B values.

The similar HFSE and REE patterns of tourmalinites and
their untourmalinised equivalents suggest that the tourmalines
formed via replacement of the tuffs by boron—rich fluids leached
from the evaporite. A chemical comparison between these two
sets of rocks indicates that the former have higher B, Fe and K
concentrations than the latter, with Si and Al levels substantially
the same . The higher K in the tourmalinites may be due to

(1]
>

K—Na zoning in the tuffs!", as the borates are usually enclosed

by a K—rich zone. Mg/Fe and K/Na ratio variations of the
tourmalines and their zoning are also compatible with their host
lithologies (Table 2). Proximal tourmalines have higher Mg/Fe
and K/Na ratios and the rims are generally more Mg—rich than
the cores. The premetamorphic fine—grained tourmaline has a
significantly higher schorl component than the latter, syn—meta-
morphic tourmaline. These observations may reflect the evolu-
tion of fluid chemistry: the early tourmaline formed by uptake
of Fe, Al, Si and B from the sediments (clay—rich) and as the
later evaporite—derived fluids were Mg—rich, the Mg/Fe ratio of
the tourmaline increased. Tourmalines from veins and peg-
matites have a wider range of 8"B values than the stratiform
This could be

because they cut through diverse lithologies and have obtained

tourmalinites and tourmaline leptynites (Fig.7).

boron from different sources. A correlation exists between the
6"B values of the tourmaline veins and borates. Borates from
Wengquangou have lower 6"B values than those from the other
districts and the 6"B values of the tourmalines are also signifi-
cantly lower (Table 4). Tourmaline—rich quartz veins (e.g.,
sample LN—35 from Zhuanmiao, with "B value of +9.4 %o)
from the borate—carbonates have 6'B values closer to that of the
associated borates (+10%o0 to+11 %o in the district, Peng and
Palmer unpublished data), suggesting that boron was largely de-
rived from the borates. Tourmalines from the pegmatites have
much lower §'"B values (—12.4%o to +0.9 %o). Fluid inclusion
studies of these pegmatites yield homogenisation temperatures of
~300°C (Y.Wang, 1993, pets. com.), which could be the lower
limit of the temperature of formation. This indicates 6"B values
of up to =3% to +9 % for the fluids . This suggests that the
pegmatites contain a mixture of boron derived from a continen
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tal crustal source, whose "B averages —5 %o and boron
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Fig.8 A genetic model for the origin of tourmalines in the

evaporitic sequence. For details see text

leached from the borates, with "B values of +10 %o. A conti-
nental crustal source signature is better expressed in pegmatite
with very low tourmaline content, e.g., sample LN—15 contains
only trace tourmaline and yields "B of =12 %o. This is com-

patible with the low boron concentration in the footwall rocks.

7  Conclusions

There is a clear spatial and temporal link between the oc-
currence of tourmaline —rich rocks and borate deposits in the
Liaoning and Jilin areas. A comparison of trace element patterns
between the stratiform tourmaline —rich and their untourma-
linised equivalents suggests that the former is the replacement of
the latter.

These observations suggest a three—stage model for forma-
tion of tourmaline in the Liaoning and Jilin areas(Fig.8):

Stage 1: During deposition and diagenesis of borate
evaporites, clay —rich sediments adsorbed boron from saline
water, boron—rich springs or fluids released during diagenesis of
the borates. The boron was released during diagenesis —early
metamorphism (at temperatures of <200 to 300°C), to form the

small tourmaline grains that were subsequently enclosed by other

metamorphic minerals (Fig.3—A).

Stage 2: During prograde metamorphism, higher temperature
(400 —=500°C) These
boron—rich fluids passed though the overlying tuffs and reacted

fluids leached boron from the borates.

with the clay—rich layers to form tourmaline overgrowths on the
stage 1 tourmaline (Fig.3—B) and was recrystallised at peak meta-
morphic temperatures (650—700°C).

Stage 3: Postdating the peak metamorphism, A—type granites
intruded the sequence. Hydrothermal systems initiated by these
granites leached boron from the borates and, to a lesser extent,
from clastic sediments. As a result tourmaline was precipitated
close to the margins of the pegmatites (Fig.3—C).

The observation that significant volumes of tourmaline are
produced from the remobilisation of boron from borate deposits
has implications for the occurrence of tourmaline in other
ancient sedimented rift settings.Involvement of borate —bearing
evaporites has been invoked for the origin of tourmalinites
associated with some giant massive sulfide deposits and has
implications for the transport and deposition of metals in the ore
deposits™*l.
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