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Fluid inclusion studies in modem halite from the Inagua solar saltwork

Liesciotte Ernestine von Borstel". Heide Zimmermannb. Hans Ruppert'

Center for Earth Science. Universitael Goettingen, Goldschmidstr. 3. D-37077 Goettingen. Iborste aydi z de
EPS. Harvard University. 20 Oxford St. Cambridge, MA 02138. U.S A

The composition of evaporated seawater and fluid inclusions in recently precipitated marine halite from the solar
saliwork on Great Inagua. Bahamas. has been analyzed in order to test whether there is a difference between the
composition of the parent brines and the trapped inclusion fluids. The concentration of Na, K. Mg, Ca. CI. SO
and Br was determined by micro extraction ion chromatography. and the concentration of B. Rb and Li by micro
extraction ICP-MS. Fluid inclusions from the center of hopper enstals have homogeneous compositions
identical with that of the parent brine, whereas network inclusions from the marginal parts of the crystals
containing stronger evaporated brines have a different composition compared to the parent brmte (open pore
space?). Although possibly an artificial effect due to sample storage. this also might be important for halite from
eni ronments with high evaporation rates and temporarily desiccation.

1. AIMS Crystallizer brines with a density above 1.248
g/cmn are drained and discharged to the ocean.

With the development of several new micro Each crystallizer will be drained and refilled ap-
techniques for single fluid inclusion analysis, the proximately three times a year and the precipitated
investigation of palaeo seawater chemistry and sec- halite is hanested after reaching a thickness of 20
ondan mineral reactions in salt deposits by study- cm. A small layer of salt floor is left in the crystal-
ig brine inclusions in marine halite has become lizer.
en topical 11-51. These studies are based on the At each sampling location density, pH. brine

assumption that the trapped fluid has the same temperature. air temperature, and humidity were
composition as the brine participating in the salt measured in the field. The parent brine in the salt
forming process. According to our knowledge. pan and halite cnstals growing on the floor were
there are no investigations on fluid inclusion com- sampled. The parent brines diluted by SERALPUR
positions in marine halite precipitated from evapo- water (resistivit <17.5 megohms/cm) at a ratio of
rated seawater to confirm this assumption. Solar 1:20 were stored in NALGENE bottles. The bottles
saliworks are a suitable place for this kind of study. were scaled to prevent further evaporation. At each
because at the same time evaporated seawater, pre- location- one split of halite crystals was stored in
cipitated halite and trapped fluid inclusions can be 250 ml polypropylene bottles covered with parent
investigated brine, whereas a second split of crstals was dried

with tissues and stored in plastic bags.

2. FIELD AREA AND SAMPLES
3. METHOD

The solar saitwork of Great Inagua, Bahamas. [61
was selected because its halite crystals are several Fluid inclusions >200 im were opened by a me-
millimeters to centimeters in size and contain fluid chanical drill. 0.1 to 1pi of inclusion brine were
inclusions larger than 200 m in diameter. carefully extracted with a microsyringe [7-8. Laza.

The reservoir system with brine densities from von Borstel]. For ion chromatography SERALPUR
1.024 g/cm 3 at the seawater inlet to about 1.214 water was added (-1:2000). The concentration of
g/cm- in the final reservoir feeds 61 halite crystal- Na. K. Mg. Ca. Cl. SO4. and Br of the fluid
lizers or salt pans (Al to Y: total pan acm: 9 km) inclusions and the parent brines were determined
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Table I Major species concentrations of fluid inclusions in samples E4. F2. and G2.

Sample F2 Sample G2 Sample E4

Na K Mg Ca CI SO4  Na K Mg Ca CI S04 Na K Mg Ca C1 SO

I 79.6 44 13.4 nd. 155 22.2 51-4 10.2 27.3 n.d 142 36.7 30.7 13.3 39.1 0.4 130 59.6

1.1 82.3 4.2 12.2 n.d 155 20.4 64.6 7.0 19.4 n d. 142 29.5 35.4 14.8 43.8 0.7 143 68.8
EI 73.0 5.6 15.9 nA 150 24.2 62.0 8.6 24.9 nd. 154 378 33.4 19.0 54.9 0.3 161 64.1

F.I 76.8 47 14.4 n.d. 152 22.2 53.8 79 23.5 nd. 136 34.4 286 184 56.1 0.2 171 76.0

FI 72.7 5.9 166 nA& IsO 24.9 48.4 10.0 31.2 n.d. 141 44.1 26.0 16.3 52-5 0.7 182 45.8

F1 80.6 45 13.3 nA& 170 23.1 56.9 8-5 25.7 nA 145 42.6 13.5 5.9 52.2 0.4 166 29.8

.1 80.7 4.5 136 n d. 158 21.2 57.1 8.0 24.0 n.d. 141 393 14.9 2.3 51.2 05 157 25.8

. 80.6 4.5 13.3 nd, 161 22.0 59.5 8.5 26.3 nd. 151 40.4

x 78.3 4. 14.1 n. 156 22.5 56.7 8.6 25.3 nd 144 38.1 26.1 12.9 50.0 0.5 159 52.8

asd 3.7 0.6 1.5 7 1.5 54 1.1 34 5.9 47 8.7 6.4 6.2 0.2 18.9 19.5

rsd 4.7 128 10.5 4.3 6.6 9.5 12.4 13.4 4.1 12.3 333 49.6 12.4 41.5 11.8 36.9

8 8 8 8 8 8 8 8 8 8 7 7 7 7 7 7

hnne 78.8 4.9 12.0 0.5 165 222 58.6 8.9 295 0.4 155 40.3 58.1 8.0 25.6 0.3 149 38.4

dev ' 07 2.3 -17.4 5.2 -1 5 3.2 3.5 14.3 71 5.5 55.1 -6L7 -95.2 -71 -7.0 -37.6

Concenirations mn g-kg bnine, Fl-fluid inclusion, x-average. asd-absolnte standard deviation, rsd-relalive standard deviation in ¼.
ii- iumher ofanalyses. dev 0 diference between average F.L composition and parent brine. nd.- not determined

wjih a precision between 2 and 7 % using a Dionex Fluid inclusions in samples F2 and G2 were ex-
500 instrunent. For inductively coupled plasma tracted from the center of hoppers. whereas in sam-
mass spectrometr 19. a Re/In-slandard. 3 times ple E4 network inclusions were opened and an-
distilled HNO 3 and 3 times distilled water were lyed. Table I contains the concentation of the
added to the extracted brine (dilution -1:200). The major species in fluid inclusions and parent brmes
concentration of Li. B, and Rb of the inclusion for crystallizers F2. G2. and E4. The average value
fluids and the parent brines were measured with a (x). the absolute standard deviation (asd). the rela-
precision of 7 to I I % using a FISONS Plasmaquad tive standard deviation in % (rsd) and the number
2+ combined with a micro-nebulizer system (Micro of analyses (n) are also included for the fluid inclu-
Mist. Glass Expansion). sion compositions in F2. 02. and E4. For compari-

son, the deviation between average fluid inclusion
composition and parent brine is added (dev%). Ta-

4. RESULTS ble 2 lists the same items for trace element analy-
ses.

Two types of fluid inclusions were observed: one The standard deviation (rsd) of the major Species

type of inclusions is trapped in the center par of (Table 1) varies from 4.3 % for Cl to 12.8 % for

hoppers, whereas network like inclusions occur in Mg for 8 analyzed fluid inclusions in sample F2

the more marginal parts of the crystal. The latter and between 4.1 % for CI and 13.4 % for Mg for 8

inclusions form a system of connected chambers inclusions in sample G2 This is roughly within the

separated by delicate and not always complete range of 2 and 7 % determined for the reproducibi-

walls.
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Figure 1 Janecke diagram with fluid inclusion and parent brine compositions at 25 C.
SW=seawater. bl=bloedite. ca=carnallitc. sywsylite

lity of the micro extraction IC method. In compan- this becomes even more obvious: In crystalhzer F2
son to that, the standard deviation for 7 inclusions this deviation (Table 1) varies between 0.7 and 17.4
in E4 (Table 1) varies between 11.8 % for Cl and % for the major species. and crystallizer G2 shows
49.6 % for K. a similar range between 3.2 and 14.3 %. lxcreas

A similar picture is observed for the tace ele- crystallizer E4 shows a deviation between the con-
ments (Table 2) with standard deviations of I1.0 % position of the least evaporated fluid inclusion and
for B and 19.4 % for Rb in sample F2, and 6.5 % the parent brine of about 50 % for most major spe-
for Rb and 15.1 % for Br in sample G2. This is in cies (Tables 1, 3). Trace element deviations of the
fair agreement with the reproducibility of 7 to II % composition of the parent brine and the average
for the micro extraction ICP-MS method. On the inclusion fluid range from 6 to 23 % for samples F2
other hand, the standard deviation for Br in sample and G2. whereas the Br concentation of the parent
E4 is 26.7% based on the analysis of 7 fluid inclu- brine and of the least evaporated fluid inclusion in
sions. This demonstrates clearly that the composi- E4 show a deviation of 55%. Agam, this indicates
lions of fluid inclusions in F2 and G2 are homoge- that the compositions of the network inclusions in
neous, whereas the network inclusions in E4 are E4 differ significantly from the composition of the
heterogeneous in composition parent brine.

Looking at the deviation between the composition Table 3 contains degrees of evaporation (DE) cal-
of the parent brine and the average fluid inclusion. culated on the basis of elements that arc not re-
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Table 2 Trace element concentmuons of fluid inclusions and parent brines in samples E4, F2. and G2

Sample F2 Sample G2 Sample E4

Li B Br Rb Li B Br Rb Br

FI 26 68 785 1.7 4.6 106 1,706 2.9 2,194

F11 2 . 57 762 1.4 33 90 1,135 2.5 2.365

F.1. 3.0 77 968 2.2 3-6 99 1,44 2.7 3.045

F11 2.6 67 820 1.8 38 110 1,146 2.8 3,266

F. . 2.9 72 1.015 1.8 4.2 118 1,469 3.0 3.558

F.I 2.3 60 841 1.5 3.8 109 1,209 2.8 4.073

F.I 2 1 58 763 1.2 4.5 127 1,224 3.1 4,664

F.1 2.1 61 535 1.4 37 109 1,244 2.8

x 2.5 65 81' 1.6 3.9 108 1322 2.8 3.309
asd 0.4 7 146 0.3 0.5 11 199 0.2 884

rsd 14.9 11.0 18.0 19.4 11.5 10.3 15.1 6.5 26.7

n 8 8 8 8 8 8 8 8 7

brine 2.0 53 1,07 I.4 37 98 1,464 2.6 1.419

dev% -23 -23 19 -16 -6 -il 10 -9 -33

Concntrations mgIg brine. F.I -fluid inclusion. xaveage. asd=absolule standard deviation, rsd-relative
slada.rd deviation in %, n- number of analyses, devdi fference between average F.I. composition and parent brine

Table 3: Degrees of evaporation (DE) and Jaenecke units for seawater and samples E4. F2. and G2

Sample DEMO DEK DEu DEn DiEns DE_ DE Mg 2K SO m(H2O) 2NaCI C.B

eawater 1.0 69.0 6.5 24.5 70,700 305

F2-brine I 1 2 13 13 12 13 12-1 70.3 7.4 22.3 6,720 206 -11.4

12- Fl. 9 12 Il 11 14 1l 11-2 63.7 8.1 28.2 7,160 221 -1.9

G2-brine 19 21 21 23 19 23 21 -2 69.5 7.3 23.2 3.705 82 0.3
G2-1. 22 22 20 21 21 21 21 - 1 69.9 6.6 23.6 3,195 73 0.3

F.4-brine 27 27 28 27 1 69.5 7.3 23.2 3,705 82 31

L4-I F. 4 44 44 43-2 67.3 7.1 25.5 1,689 28 01

I 4-F. 47 52 49 49 * 2 67.0 7.0 26.0 1.431 29 1 7

14-F.L 61 69 66 65.4 714 7.7 20.9 1,171 23 96

14-11 64 69 72 684 69.3 7.1 23.6 1,083 19 -1.0

14-F1. 58 59 75 64-9 76.4 7.4 16.2 1.317 20 .1

14-IF., 53 20 92 85.1 3.0 11.9 1.611 12 -48

F4-F1. 51 7 78 88.1 1.2 10.7 1.737 14 -0.4

C 1 charge balance. F.fluid inclusion
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mn ed in significant amounts during the evapora- In sumnary. this indicates clearly that inclusion
(ive concentration of seawater due to the precipita- compositions from hopper centers like in samples
lion of halite, like K. Mg. B, Br. and Li. The aver- F2 and G2. are identical with the composition of
age DE's of fluid inclusions in sample F2 and G2 the parent brine In these samples there are also no
are I1 1 2 and 21 + 1, respectively. This is in ex- significant differences between the fluid inclusion
cellent agreement with the values of 12 + I and 21 compositions from halite samples dried in tissues
- 2 determined for DE in the parent brines of F2 and samples covered with parent brine On the
and G2. For E4 the fluid inclusions compositions other hand, the network inclusions from the
cover a range of DE between 43 1 2 and 68 + 4. marginal parts of the crystals in E4 are much
which is clearly different from the DE of 27 + 1 stronger evaporated than the parent brine. The least
determined for the parent brine. The great variation evaporated inclusion fluid in sample E4 with a
in the DE s determined from Mg. K. and Br in the degree of evaporation of 43 is comparable to the
final three inclusions of E4 indicates the beginning strongest evaporated parent bries in the
precipitation of potash minerals. crystallizers, whereas the most evaporated fluid

This can also be seen from the Jaenecke units of inclusion compositions in E4 show real degrees of
the fluid inclusion compositions. Non-evaporaled evaporation well above 65. No comparable
scawater shows values of Mg=69.0, 2K= 6.5 and compositions are found among the crstallizer
SO4 =24 5. This ratio does not change during evapo- brines. Unfortunately. these network inclusions
rative concentration of seawater unless potash mnm- were taken from a tissue dried sample. and a sam-
erals start to precipitate. ple of halite stored in parent brine was not available

The Jaenecke units of the parent brines and the for this crystallizer. Thus, it cannot be decided

average fluid inclusion compositions of F2 and G2 whether the difference between the compositions of
are similar to those for seawater (see Table 3. Fig- the fluid inclusions and the parent brine in E4 is

urc 1) This also true for the first four inclusions of due to storage or whether the network inclusions
sample E4 with values of Mg ranging from 67.0 to showed these unusual high degrees of evaporation
71.4, of 2K between 7.0 and 7.7, and of SO4 be- already at the time of sampling. Even if the ob-
tween 20.9 and 26.0. The ratios of the last 3 fluid served difference is due to storage, this also might
inclusions of E4 (Table 3) shift clearly from be important for fluid inclusions in halite precipi-
Mg=76.4. 2K=7.4. SO=16.2 to Mg=88.L 2K=1.2. tated in shallow lagoons with high evaporation

SO4= 10.7. rates and temporarily desiccation.

Evaporated and with halite saturated seawater
prior to potash precipitation shows a range of 5. CONCLUSIONS
m(2-O) values between 7.070 and 1,260 and of
2NaCI-values between 305 and 22. The m(HlO) (1) The composition of fluid inclusions in centers
values of 6.720 in the parent brine and 7,160 in the of hoppers of modern halite is identical to the
average fluid inclusion of F2 demonstrate an early composition of the evaporated parent brine.
stage of evaporation just at the beginning of halite This validates the reliability of the approach to
precipitation, whereas the m(H2O) values of 3,705 reconstruct the seawater composition in an-
in the parent brine and 3.195 in the average fluid cient evaporitc basins with the help of hono-
inclusion of G2 indicate twice the concentration gencous fluid inclusion compositions in marine
factor compared to F2. This is consistent with the halite.
results of DE calculations for these samples (see (2) There also seems to be evidence, that the pore
above). The m(H2O)-values of fluid inclusions in space in marginal crystal parts is not con-
E4 cover a range between 1,737 and 1,083 com- pletely closed and, if kept dry,. the inclusion
pared to 3.705 in the parent brine. The 2NaCl-val- fluids might evaporate further.
ucs (Table 3) of fluid inclusions and parent brines (3) This may result in a considerable heterogeneity
also fit in the overall pattern. of fluid inclusion compositions on a millimeter
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to centimeter scale in single halite crystals. In
this case the chemistry of the parent brne can- 2. J. Horita T.J. Friedman. B. Lazar. and HD.
not be constrained by analyzing fluid inclusion Holland. Geochim. Cosmochin. Aca. 55
compositions in halite. (1991)417

(4) Heterogeneous fluid inclusion compositions in 3 C. Ayora, J. Gargia-Veigas and J.-J. Pueyo
halite may potentially serve as an indicator for Geochim. Cosnochim. Acta, 58 (1994) 43.
the evaporite deposition in a shallow basin 4. L.E. von Borstel. BIS-Schr-10/93. 1993.
wilh temporarilv desiccation. 5. L.S. Land, R.A. Eustice. L.E. Mack, and J.

Horita. Geochim. Cosmochim. Acta, 59 (1995)
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