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Constraints on Transport and Kinetics in 
Hydrothermal Systems from Zoned Garnet Crystals 

Bjsrn Jamtveit* and Richard L. Hervig 
Zonation of oxygen isotope ratios, fluorine, and rare earth element abundances across 
garnet crystals from the Permian Oslo Ri i  reflect temporal variation of the hydrothermal 
system in which the garnets grew. A sharp rimward decrease in the l80I160 ratio (of 5 per 
mil) across the interface between aluminum-rich garnet cores and iron-rich rims indicates 
influx of meteoric fluids to a system initially dominated by magmatic fluids. This influx may 
record the transition from ductile to brittle deformation of the hydrothermally altered rocks. 
In contrast, fluorine and light rare earth element concentrations increase at the core-rim 
interface. These data may reflect enhanced advective transport and notable kinetic control 
on trace element uptake by the garnets during briile deformation. 

Hydrothermal systems play a key role in 
the chemical diierentiation of the Earth's 
crust. The understanding of such systems 
requires integrated studies of active as well 
as ancient systems. Ancient systems con- 
tain the integrated results of hydrothermal 
activity occurring at depths that are inac- 
cessible to direct observations. The main 
problem when studying ancient systems is 
to determine their temporal evolution. 
Analysis of intracrystalline wnation of hy- 
drothermal minerals may provide a more or 
less continuous record of the processes tak- 
ing place during the evolution of ancient 
hydrothermal systems (1). Such data are 
needed to test and complement results ob- 
tained from theoretical models of hvdro- 
thermal system dynamics. Here, we present 
ion microprobe analyses (IMPA) of zoned 
hydrothermal garnets from the Permian 
Oslo Rift, Norway, which provide informa- 
tion on the sources of hydrothermal fluids, 
their compositional evolution, and the ex- 
tent and mechanism of mass transfer be- 
tween fluids and the rock matrix. 

The garnets that we studied are repre- 

B. Jamtveit, Department of Geology, University of 
Oslo. Post Office Box 1047 Blindern. N-0316 Oslo. 
Now. 
Richard L. Hervia. Center for Solid State Science. 

sentative of a large population of hydrother- 
mal garnets from layered shale-carbonate 
rock sequences in the contact aureole of the 
Drammen granite (I). These rocks were 
infiltrated by fluids during cooling of the 
granite. Early infiltration was pervasive and 
coeval with more or less ductile deforma- 
tion. whereas later infiltration was focused 
along faults and fractures formed during 
brittle deformation (1, 2-4). Garnets grew 
throughout these events. Mineral equilibria 
and fluid inclusion results indicate that the 
garnets formed at temperatures of 350°C to 
400°C. Backscattered electron (BSE) hag-  
es (Fig. 1) show a sharp transition from a 
relatively grossular-rich core (gr = 20 to 40 
mol%) to an andradite-rich rim (gr <5 
mol%) . The rim furthermore contains sev- 
eral thin layers of more grossular-rich com- 
position that give rise to the oscillatory 
zonation pattern evident in the BSE image 
(Fig. 1). The composition of the grossular- 
rich layers was largely determined by the 
local mineral assemblage during periods of 
slow fluid influx and low crystal growth 
rates, whereas the composition of more 
rapidly grown (5) andradite-rich layers re- 
flects infiltration of externally derived hy- 
drothermal fluids with high concentrations 
of As and W (1, 6). The andradite-rich 

Arizona State ~n6ersity. Tempe. A2 85287. garnets are extremely low in high-field 
'To whom correspondence should be addressed. strength elements (HFEs) such as Zr, Y, 

and Ti. The lack of evidence that local 
sources of HFEs (notably zircon and 
sphene) were removed from the system 
indicates that the fluids did not reach equi- 
librium concentrations with respect to 
these components during growth of the 
andradite-rich rims. Thus, models of fluid 
flow and chemical reaction kinetics in hv- 
drothermal systems that assume local fluid- 
rock equilibrium may not always be valid 
(7). To obtain more detailed information 
about the mass transport, mass transfer, 
kinetic dispersion, aqueous complexation, 
and the fluid sources, we analyzed the gar- 
net shown in Fig. 1 for oxygen isotope, 
fluorine, and rare earth element (REE) 
com~ositions. 

The oxygen isotope wnation profile 
(Fig. 2A) reveals a marked discontinuity at 
the core-rim interface, suggesting that the 
pore fluid had a relatively higher oxygen 
isotope ratio when the garnet core was 
growing. Fractionation factors for the gar- 
net-H,O system at 35WC, corrected for 
compositional variations of the garnet (8, 
9), indicate that the core and rim precipi- 
tated from fluids with average 6180 values 
[relative to standard mean ocean water 
(SMOW)] of + 10 per mil and +6 per mil, 
respectively. A value of +10 per mil is that 
expected for fluid equilibrated with the 
Drammen granite at high temperature (4), 
whereas the value of +6 per mil may 
indicate an appreciable meteoric water 
component in the hydrothermal fluid [the 
oxygen composition of Permian meteoric 
water in this area was probably around - 12 
per mil (lo)]. 

Additional information on changes in 
the hydrothermal system is provided by F 
and REE data from the garnet. Consider- 
able amounts of F may substitute for OH 

Fig. 1. Backscattered electron image of a 
dodecahedra1 garnet crystal selected for ion 
microprobe analysis. The garnet is essentially a 
binary solution between the end members 
grossular (gr = Cafl,Si,O,,) and andradite 
(and = Ca3Fe2Si3012). The image shows an- 
dradite-rich garnet (light color) growing on 
grossular-richer core (dark). Oscillatory zona- 
tion seen in andradite-rich rim reflects different 
relative proportions of major components an- 
dradite and grossular. Dark spots show the 
sites of oxygen isotope analyses. 
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that is invariably present in hydrothermal 
garnets (I I). The F content of our sample 
(Fig. 2B) increases abruptly at the core-rim 
boundary and reaches values near 6000 
parts per million in the rim. The outermost 
margin (0 to 300 p,m from the edge) is, 
however, generally poor in F. 

Except for the outermost margin, the 
garnet rim is enriched in the light REEs 
(LREEs) relative to the core (Fig. 3) as well 
as in As, W, Mo, and Fe and is relatively 
depleted in Zr, Y, Ti, and A1 (I). Lan- 
thanum shows the most abrupt increase at 
the 900-p,m boundary, followed by Ce and 
then Nd. The outermost margin is low in 
REEs as well as in As, W, and Mo ( I ) .  The 
grossular-rich gamets, including the garnet 
cores, are typically depleted in LREE as 
compared to the abundance in the host rock, 
whereas the concentration of Sm and heavi- 
er REEs is comparable to those of the host 
rock (Fig. 4). A small, but sgdcant ,  pos- 
itive Eu anomaly is evident in most samples. 
In contrast, the andradite rims are strongly 
enriched in the LREEs. However, there is a 
notable La depletion relative to the other 
L E E  in the most LREE-rich samples. The 
rims are finhermore depleted in the HREE 
and show a distinct positive Eu anomaly. 
Although the andradite-rich garnets have a 
wide range in REE concentrations, the 
chondrite-normalized patterns are broadly 
similar. The outermost garnet margins have 
flat or slightly LFEE-depleted FEE patterns 
(Fig. 4). 

Neodymium isotope data from these gar- 
nets dembnstrate that the elevated LREE 
concentrations observed in the garnet rims 
(Fig. 3) are associated with the supply of 
REE from the magmatic system (Fig. 5). 

The correlation between the contents of 

Flg. 2. (A) Oxygen isotope zonation profile of 
garnet shown in Fig. 1 (19). (6) Fluorine zona- 
tion profile across garnet shown in Fig. l (20). 

trace components derived from the mag- 
matic system in the zoned garnets, as well as 
a marked similarity among the zonation 
patterns of diiferent garnet crystals from the 
same sample (6), indicate that the zonation 
patterns are to a large extent controlled by 
large-scale transport processes. In such a 
case, the garnet composition may vary as a 
result of variations in the composition of 
the bulk pore fluid at the site of crystal 
growth or as a result of a change in the 
mechanism by which trace elements are 
taken up by the garnet during crystal 
growth. The local pore fluid composition is 
dected by the competition between local 
buffering and external controls through in- 
filtrating fluids. Fluctuations in the concen- 
tration of some externally derived compo- 
nent in the pore fluid at the site of crystal 
growth may indicate a change in the advec- 
tive transport rate or a change in the 

0 200 400 600 800 loo0 1200 

Distance from garnet edge (pm) 

Fig. 3. Zonation profiles of La, Ce, Nd, Sm, and 
Er across the garnet shown in Fig. 1 (21). 
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concentration of this component at the 
fluid inlet. In a flow system with finite 
kinetic dispersion, advective mass transport 
may dec t  the local pore-fluid composition 
to different extents for different compo- 
nents as a result of diiferences in the fluid- 
rock partitioning (1 2). Thus, rapidly trans- 
ported components may be completely ex- 
ternally controlled, whereas others are lo- 
callv buffered. 

The oxygen isotope results imply that 
the isotope signature of the garnet was 
externally controlled during all stages of 
garnet crystallization [as suggested in (4)]. 
Intlux of fluids with an appreciable meteoric 
component during garnet rim growth would 
imply that the fluid pressure at this stage 
approached hydrostatic values and thus that 
a connected ~orosim had formed from the 
site of crystal growth toward the near- 
surface environment. The formation of a 
connected porosity was probably associated 
with extensive brittle deformation near the 
granite roof (2), and an accompanying in- 
crease in rock permeability may have al- 
lowed a marked increase in the fluid flow 
rates. Increased flow rate would result in 
enhanced advective transport rates and ki- 
netic dispersion and may have resulted in 
increased infiltration control on the pore- 
fluid composition for a wide range of com- 

and core comwslions 

e 0.01 - 
2 LaCePrNd SmEuGdTbDy Ho Er TmYb Lu 

f 5 , , (hdradiis-rich gamen) , 
a I fl I and rimcompositions I I 

- Lace PrNd Sm EuGdTbDy Ho ErTm Yb Lu 

Fig. 4. Chondrite-normalized REE patterns 
showing typical garnet core and rim composi- 
tions (closed circles). Additional IMPA, some of 
which are depicted here, include Eu and Tb. 
Distances are as in Fig. 2. ICP-MS analyses of 
bulk garnet separates are also given (open 
symbols). The ICP-MS analyses were done at 
the Department of Geology, University of Bris- 
tol, according to the methods described by 
Kemp (22). 



ponents during andradite precipitation. 
The "magmatic" oxygen isotope compo- 

sition of grossular-rich garnet cores coupled 
with a Nd isoto~e com~osition indicative of 
a sedimentary source (Fig. 5) probably in- 
dicate that the advective transport rate of 
REEs is much lower than that of oxygen at 
moderate fluid flow rates where the extent 
of kinetic dispersion is limited. Thus, the 
garnet core grew downstream of the Nd 
isotope front but upstream of the oxygen 
isotope front. The LREE depletion of the 
cores shows that the relatively smaller 
HREE fits better into the eightfold coordi- 
nation site of the garnet lattice than the 
larger LREE (1 3). 

The Nd isotope composition of the rims, 
in contrast to that of the core, indicates an 
appreciable input of Nd derived from the 
magmatic system. Furthermore, there is a 
continuous change from sedimentary to 
magmatic Nd isotope signatures (Fig. 5), 
indicating that there are no sharp Nd iso- 
tope fronts. Thus, we suggest that at this 
stage the fluid flow rate is high enough to 
cause extensive kinetic dispersion. As the 
kinetic dispersion increases, the advective 
transport rates of oxygen and Nd would 
converge (1 2).  This explains the infiltra- 
tion control on oxygen as well as on Nd 
isotope signatures for the rim. Thus, it 
seems that the differences between the 
core and rim REE comuositions were. at 
least partly, a result of variable advective 
transuort rates. Furthermore. differential 
transport rates of the REE are'indicated by 
the abrupt increase in La concentration 
immediately at the core-rim boundary; 
this buildup indicates that La was trans- 
ported more rapidly than Ce and Nd. 
Because HREEs are compatible in garnet, 
the low HREE content of the earnet rim 

u 

shows that the pore fluid must have been 

l ~ ~ ~ ~ r n ~ t i ~  rocks 
-2 a 

-10 4 I Metasedimentary rocks 4 

Fig. 5. Neodymium concentration (23) versus 
cNd values calculated at 280 Ma (estimated age 
of the Drammen granite) for bulk garnet sepa- 
rates. The positive correlation observed indl- 
cates supply of Nd from the magmatic system 
during garnet growth. The age of the Drammen 
gran~te and the ranges in E,, for the Drammen 
granite and the host metasedimentary rocks 
are from Tr~nnes and Brandon (14) and 
Jamtveit (24). 

depleted in HREE. The most likely expla- 
nation for this is higher retardation of the 
HREE as compared with the LREE along 
the flow path, possibly as a result of 
preferential incorporation of HREE into 
garnet or other phases upstream of the 
analyzed crystal. 

The oxygen isotope signature for the rim 
indicates an appreciable contribution from 
meteoric fluids at this stage. However, the 
meteoric contribution required to lower the 
hydrothermal fluid composition from a 
magmatic value of + 10 per mil to +6 per 
mil (about 20%) would not cause major 
dilution of the components derived from 
the magmatic system. 

The extreme L E E  enrichment ob- 
served for the garnet rims as well as the 
positive Eu anomalies are hard to explain by 
equilibrium partitioning of FEE between 
the hydrothermal fluids and the garnet lat- 
tice. In fact, the rim REE patterns are 
qualitatively similar to FEE patterns from 
acidic, high-temperature hydrothermal flu- 
ids (1 5-1 7). Therefore, we speculate that 
the rim FEE composition may to a large 
extent have been controlled by irreversible 
incorporation of REE initially adsorbed on 
the garnet surface during periods of rapid 
crystal growth (5). In such a case, the rim 
REE pattern would reflect surface-fluid REE 
partitioning rather than bulk lattice con- 
trol. If correct, this model could explain the 
La (and Ce) depletion observed for the 
most LREE-rich earnets as the effect of bulk - 
lattice control on the REE uptake superim- 
Dosed on the surface control. 

The positive correlation between the F 
and the LREE (notably the La) contents 
furthermore suggests that F may have been 
an important complexing agent for FEE in 
the hydrothermal solution. This is in agree- 
ment with recent models for FEE complex- 
ation in aqueous solutions at high temper- 
atures (1 8), and thus the REE fractionation 
between the garnet surface and the hvdro- - 
thermal fluid may have been partly con- 
trolled by the relative stability of REE 
fluoro-complexes in the aqueous solution at 
the ambient conditions. 

The low REE contents of the garnet 
margin may reflect a decrease in garnet 
growth rate with an associated decrease in 
the interface controls on the REE uptake. 
A decrease in growth rate during growth of 
the outermost rim has been inferred from 
the morphological evolution of these skarn 
garnets (5). Alternatively, it may simply 
reflect depletion of L E E  in the hydrother- 
mal fluid. 

The time series information contained in 
the garnet zonation profiles provides a de- 
tailed record of the geochemical evolution of 
the Dresent hvdrothermal svstem and con- 
straiis the efficts of transpdrt and reaction 
kinetics during fluid-rock interactions. 
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Glacial-Interglacial Changes in Moisture 
Sources for Greenland: Influences on 

the Ice Core Record of Climate 

C. D. Charles, D. Rind, J. Jouzel, R. D. Koster, R. G. Fairbanks 
Large, abrupt shifts in the '80/'60 ratio found in Greenland ice must reflect real features 
of the climate system variability. These isotopic shifts can be viewed as a result of air 
temperature fluctuations, but determination of the cause of the changes-the most crucial 
issue for future climate concerns-requires a detailed understanding of the controls on 
isotopes in precipitation. Results from general circulation model experiments suggest that 
the sources of Greenland precipitation varied with different climate states, allowing dynamic 
atmospheric mechanisms for influencing the ice core isotope shifts. 

A network of ice cores now spans much of it clear that these oscillations are not mere- 
the Greenland ice sheet. The S1'0 records ly artifacts of local ice sheet dynamics. Yet, 
from the ice cores reveal a pattern of pro- their climatic implications have not been 
nounced, abrupt shifts prior to the Ho- fully resolved. Comparison with the Sl80- 
locene period (I) .  The fact that many shifts temperature correlation established from 
can be traced among different cores makes modern precipitation (2) implies that the 

S1'0 shifts, in some cases, reflect tempera- 
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These oscillations in 6 l80 are usually 

Palisades, NY 10964, and Department of Geological considered be driven primarily the 
Sciences, Columbia University, New York. NY 10025. North Atlantic because experiments with a 

coupled ocean-atmosphere model suggest 
that the North Atlantic thermohaline cir- 
culation, which delivers heat to the high 
latitudes, could alternate between two sta- 
ble modes of operation (on or off), and 
asoects of North Atlantic deeo-sea sedi- 
ment records exhibit this type of behavior 
(4). However. several observations also . , 
suggest the involvement of other climatic 
processes. In a series of model experiments 
that effectively tested the sensitivity of cli- 
mate to reduced North Atlantic heat trans- 
port, this mechanism could explain less 
than one-third the magnitude of air tem- 
oerature change over Greenland inferred - 
from the ice core isotopic shifts (5). Recent 
estimation of the rapidity of the changes in 
the ice cores (6) suggests that the variations 
occur more rapidly than do variations in 
European climate records that are undeni- 
ably the product of North Atlantic surface 
ocean changes (7). New dating of the ice 
core record at Summit suggests that two of 
the most orominent S1'0 shifts occur ore- 
cisely during catastrophic melting of the ice 
sheets, at about 14,000 and 11,000 years 
ago (8). Thus, it seems unlikely that the 
North Atlantic acted alone to shape the 
dramatic ice core records. 

To comprehend the full climatic signif- 
icance of the 6 l80 events. we must estab- 
lish the driving forces for isotopic variabil- 
ity in precipitation. Although the fraction- 
ation of H2180 between water vapor and 
condensate is temuerature deuendent, the 
amount of ~ , ' ~ 0 ' i n  precipitation at' any 
given location is more directly determined 
by the amount of original vapor remaining 
in the air mass (9). Because colder air holds 
less water vapor, this distillation process 
also depends on temperature, but the corre- 
lation between S1'0 and temoerature varies 
according to the location of the original 
moisture sources (whether it is remote or 
proximal), the trajectories of the moisture 
(whether it is advected along a cold or warm 
path), and the mixing between sources with 
different degrees of distillation. Thus, local 
S1'0 variability may result from a combina- 
tion of direct air-temperature effects and 
complicated air mass mixing effects. These 
influences must be separated for accurate 
oaleoclimatic reconstruction. More imuor- 
tantly, regardless of how the modem 6l80- 
temperature calibrations apply to the rapid 
shifts observed in the ice cores (lo), the 
causes of the shifts cannot be deduced from 
empirical extrapolations. One must also un- 
derstand where and how the characteristic~ 
of moisture sources changed under different 
climate conditions. 

One approach is to use a general circu- 
lation model (GCM) that is capable of 
considering explicitly the complex variety 
of processes that act on the isotopes. Previ- 
ous GCM studies indicated that although 
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