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Ansrnacr
Oxygen-isotopeprofiles through six agatesfrom Sarusas,in the Skeleton Coast Park,
Namibia, show that 6180varies from 20.4Vmto 28.98@.These values are consistent with
low temperaturesof formation. Systematicdifferencesin Dr8Oexist betweencoarselycrystalline quartz (Q) bands and microcrystalline quartz (MQ) zones within the same agate,
with the Q zonesbeing, on average,37- lighter than MQ zones.This differenceis consistent
with the crystallization of Q zones from HrO vapor and MQ zones from HrO liquid at
about 120 "C. Boiling hydrous fluids at pressuresjusthigher than I atm should be expected
at shallow levels in a cooling lava pile. A temperatureof formation of 120'C requires that
the depositing fluids were enriched in '8O relative to present-daymeteoric waters. Enrichment of meteoric fluid in r80 probably occurred as the result of prolonged boiling and loss
ofvapor rather than exchangewith the host Karoo volcanics.

INrnoouc:ttoN
The term "agale" is usually taken to mean silica infillingsofcavities in volcanicrocks(e.g.,Fldrke et al., I 982).
The variety of silica types in such infilling may include
qvartz, microcrystalline quartz (including chalcedony),
and opal. The presentpaper describedthe oxygen-isotope
variations through a variety of agatescollectedat Sarusas
(lat I2'25'E, long l8'25'S) in the SkeletonCoast Park,
Namibia. These agateshave formed in cavities in quartz
latite volcanics. The host rock is the silicic variety ofthe
bimodal Etendeka Formation volcanics that were describedby Erlank et al. (1984)and Milner (1988).These
quartz latites, which are chemically similar to rhyodacites,are consideredby Milner (1988)to havebeenerupted as high-temperatureash flows. The EtendekaFormation volcanics show considerable oxygen-isotope
disequilibrium between whole rocks and phenocrysts.
Harris et al. (1988) attributed this disequilibrium to secondary alteration. The aim of this paper is to use the
agate oxygen-isotopedata to determine the temperature
of formation and, by inference,the temperature of alteration of the host volcanic rocks. The oxygen-isotope
composition of quartz crystallizing from an aqueousfluid
depends on both temperature and the oxygen-isotope
composition of the fluid. Temperature of formation of
silica minerals cannot be determined from their Dt8Ovalues without some knowledge of the isotope composition
ofthe fluid. In theseagates,differencesin the D'80values
of quartz and microcrystalline quartz layers are best explained by the quartz layers' forming from water vapor
and the microcrystalline quartz layers' crystallizing from
water liquid. The oxygen-isotopefractionation curve between liquid and vapor for water can therefore be used
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to estimate temperaturefrom the differencein D'8Ovalue
between quartz and microcrystalline quartz.
S.lnrpr,B DESCRTPTIoN
Sampleswere collectedfrom quarried material, and no
information is available on the in situ orientation of the
samples.Figure 1 showsthe morphology of the six agates
analyzed, and Appendix I describesthe salient features
of each agate.The nomenclature of Fldrke et al. (1982)
is adopted for the material describedhere. Theseauthors
distinguishedthree different types of silica, namely quartz
(Q), microcrystalline quartz (MQ), and opal, which is not
presentin the six agatesthat are the subject ofthis paper.
MQ is divided into fine q'sartz,quartzine, and length-fast
chalcedonyby Fldrke et al. (1982); in theseagates,MQ
is either fine quartz or length-fastchalcedony.
Fldrke et al. (1982) also consideredthe nature ofthe
banding, i.e., horizontal or wall-layered. Horizontal layering consists of distinct layers and is apparently produced by gravity-controlled deposition. Wall-layering occurs as continuouszonesthat line the cavity wall, covering
uneven surfacesand predeposited horizontal layers. In
the samplesstudied in this paper, the Q layersare always
wall-layered, and the MQ layers are generallyhorizontal
(seeFig. l). Agates l-4 are surrounded by a thin zone of
wall-layered MQ as in the examplesdescribedby Fl6rke
et al. (1982). Agates 5 and 6 have much thicker walllayered MQ on the outside.
AN.q,r,vrrc.q,r,METHoDS
Material was removed from all observed zones of the
agatesshown in Figure I and was washedin acetone.The
quantity of material varied but was always > 40 mg, and
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Fig. l. The agatesanalyzed,in this study. Agate numbers and zone letters correspondto those ofTable l. The photograph of
agate I shows only the portion that was collected.
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TABLE1. Oxygen-isotopeanalyses of agates
Agate

Zone

A
B
c
D
E
F
A
B
c
A
B
c
D
E
A
B
c
A
B
c
A
B

6180

Type of material

27.08
22.09
20.41
24.85
23.52
27.03
27.34
24.29
27.41
28.69
28.37
25.80
24.30
27.16

MQ; wall-layeredouter rim
MQ; horizontal
Q; wall-layered
MQ: horizontal
Q; wall-layered
Q; wall-layered

28.46
28.51
25.0s
25.22
24.38
21.07
28.51
28.87

MQ; walljayered outer zone
MQ; horizontal
Q; center zone

MQ; wall-layeredouter rim
Q; wall-layered
MQ; horizontal
MQ; wall-layeredouter rim
MQ; lower horizontal layer
Q; wall-layered
Q; wall-layered
MQ; center zone

MQ; wall-layeredouter zone
MO; wallJayeredpart of inner zone
Q; innerzone
MQ; wall-layeredouter zone
MQ; wall-layeredinner zone

Note-'Allsamplesrun in duplicate.The averagedifferencebetween runs
: O.25E@
(n : 22\.

it was ground in an agatemortar to <90 mesh. The material was not ground to finer grain size in order to minimize possiblecontamination by the agatemortar. In any
case the effect of contamination during grinding is not
likely to have been significant as the agate mortar has a
6'80 in the same range as the samples (28.9V*, Smith,
pers. comm., 1987).Sampleswere dried at 50 "C for a
minimum of 48 h, before loading into the reaction vessels.All sampleswere degassedat 200 "C for 2 h in order
to remove adsorbed moisture before reacting with ClF.
at 550 "C overnight. The extractedoxygenwas converted
to CO. via a heatedC rod and analyzedfor '80/160 using
a VG 6028 mass spectrometerat the University of Cape
Town. All analyseswere run in duplicate, and results are
expressedin D notation relative to the V-SMOW stan-

Fig. 2. Oxygen-isotopeprofiles through the agatesof Fig. 1.
The Y axis in each caseis not to scale.

x 106)T 2 - 2.90; where Iis in kelvins). MQ formed at
120 "C with I wto/oH,O will be 0.3V- lighter than MQ
containing no HrO. At 50 'C, this difference is 0.57-.
These estimates assumethat all the water is present as
molecular HrO. The oxygen-isotopefractionation factor
between silanole goups and water is unknown.
Rtsur-rs

Table I gives the D'8Ovalues obtained and Figure 1 the
location of the analyzedmaterial within each agate.The
total rangein D'8Ovalues for Q and MQ is from 20.41V*
to 28.87V*.Thesedata are similar to the values obtained
by Fallick et al. (1985) for Scottish agatesand indicate
low temperaturesof crystallization. The averagevalue for
Q zonesis 23.93V*,whereasfor MQ zonesit is 26.92V*.
The Q zonesare therefore on average3V*lightet in 6180
than the MQ zones. Table I also shows that in general
the outer rim of MQ has the highest D'8Ovalues in each
agate.
dard, where 6x : (R".-o,"/Rsrandard- l) x 103 and R : t8O/
'uO.During this work, 14 analysesof the quartz standard
Thesediferences are well illustrated by a profile through
NBS-28 gavea D'8Oof 9.64V*with a standarddeviation individual agates(Fig. 2). Agate I has a MQ rim of D'8O
of 0.09V*.The averagedifferencebetweenduplicate anal- : 27.08Vafollowed by a horizontally banded MQ (zone
ysesgiven in Table I was0.25V*.This is marginally worse B) 5V* lighter. Apart from the outer MQ zone, the rethan the expected2o basedon the NBS-28 data and may maining zonesshow a "saw-toothed" profile towards the
center.The three Q zonesand the two MQ zonesbecome
be due to some sample heterogeneity.
Within the structure,MQ can contain up to 2 wt0/oHrO heavier toward the center with two Q zones, E and C,
that is not driven offby heatingto 200'C (e.g.,Graetch being about 2V- lighter than the immediately preceding
et al., 1985, 1987).This water existsboth as molecular MQ zone. This agateis unlike the others as it is not comH,O and silanole (SiOH) groups. At the time of forma- pletely filled. The innermost Q zone is purple amethyst,
tion, MQ will consistof SiO, and isotopically lighter HrO. and euhedralcrystalsproject into the cavity at the center
of the sample. This Q zone is the heaviest of all the Q
The differencein D18O
betweenthe SiO, and the HrO will
depend on temperature; the lower the temperature, the zonesanalyzedin the six agates.The lack of any similargreaterthe difference.The present-daymeasuredD'8Ofor ities between the 6'80 profiles for each agate is perhaps
MQ will therefore be lighter than the actual D'8Oof the to be expected,as the agatesare not likely to be from the
SiO, alone. The difference can be estimated using the samestratigraphichorizons. Agate 6 consistsonly of MQ,
equation for a of Clayton et al. (1972) (l03ln a : (3.38 and its inner and outer zonesare very similar in 0'8O.
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Trlrppnl,ruRE oF FoRMATToN
It is not possible to determine both temperature and
0'8Oof the depositingfluid from the silica6'80 dataalone.
The d'8Oofeach zone analyzedis dependenton the D'8O
of the fluid from which it was deposited,the temperature
of deposition and the oxygen-isotopefractionation factor
between quartz and water. In addition, there may have
been secondary exchangeresulting from the continued
passageof fluids through each zone after deposition. As
a first approximation, the temperature of formation of
eachmineral zone has beenestimated for a rangeof plausible d'8O values for the fluid responsiblefor its deposition. The chemical composition of the fluid depositing
the agate is assumed to be close to pure HrO, as lowtemperature-low-pressurefluids such as theseare unlikely to contain significant quantities of dissolved CO, (see
phasediagrams,Roedder,1984,p. 238).The presenceof
dissolved silica is not likely to have much effect on the
critical temperature, as the solubility of silica in HrO at
Iow temperaturesis small. The isotopic fractionationcurve
for quartz-HrO of Clayton et al. (1972) has, therefore,
been used to estimate the temperature of deposition for
the rangeof6'80 valuesobservedin eachagate.
Table 2 gives the range of calculated temperaturesfor
a range of putative D'8Ovalues for the depositing fluid.
The only D'EOvalues available for meteoric water from
Namibia are from areasmuch further inland than Sarusas,which is about l0 km from the coast. These values,
averagingabout -6Vm, are lighter than those from coastal
areasof southernAfrica, which averageabout - 37m(National Physical Research Laboratory, 1984). The Etendeka volcanics have been dated at 121 Ma. The latitude
ofthis part ofAfrica has not changedsignificantly since
the break-up of Gondwanalandat about 120 Ma (e.g.,
Martin and Hartnady, 1986), so meteoric waters have
probably maintained a fairly constantD'8Ovalue throughout the history of the Etendeka volcanics. Regardlessof
the exact D'80value of the meteoric water at Sarusas,low
temperaturesofdeposition are required to have given the
D'8Ovalues ofthe agates.For a fluid that was enriched in
'8O relative to SMOW as a result of isotopic exchange
with the host quartz latite, higher temperaturesof deposition are possible (Table 2), but even for a fluid of d'8O
of t6%n, the maximum temperatureindicated by the data
is 169'C, which is well below the critical temperatureof
pure water (374 "C).

4'.t9

TABLE2, Calculateddeposition temperatures
(6"o)'''o
-O"/m

-3V*

w*
+6E*

T^

T^

67 "C
85'C
108.C
16 9 . C

26"C
39.C
53'C
89'C

Note: T^., and L," are temperatures calculated for the range of 6'80
shown in affthe agates (20.41Vmto28.87Va)calculatedusing the equation
of Claytonet al. (1972)Ds - dr4/: (3.38 x 10) f-' - 2.90 where f is in
kelvins.

1. Diferences in oxygen-isotopefractionation factors
for Q-HrO and MQ-H,O. The formation of MQ is poorly
understood and may involve intermediate stagessuch as
opal. However,oxygen-isotope
studiesofcherts and diatoms (e.g.,Labeyrie, 1974; Knauth and Epstein, 1975;
Murata et al., 1977)do not suggestthat different oxygenisotope fractionation factors should apply to different silica typesover the sametemperaturerange.O'Neil (1986,
p. l9) consideredthat "crystal structure or even the presence of structural water is not important to the oxygen
isotopepropertiesof silica species."
2. The MQ zoneswere depositedat lower temperatures
than the quartz zones,the agateshaving irregular cooling
histories. This explanation does not account for the differencesin silica type and the presenceofQ only as walllayeredzonesand MQ as horizontal layersas well as wall
layers. Declining temperature is presumably the causeof
the overall increasein Dr80toward the centerofthe agate,
but temperaturechangesalone are not likely to have produced the pattern shown in Figure 2.
3. The MQ zonescrystallizedfrom HrO liquid, whereas
the Q zones crystallized from HrO vapor. HrO liquid is
isotopically heavier than HrO vapor when the two are in
equilibrium (i.e., during condensation or boiling) by an
amount that is dependent on temperature. It has been
shown previously that the 6180of Q zones is about 37o
lighter than that of MQ zones. A fractionation factor of
37- between HrO liquid and HrO vapor occurs at about
120 "C, and the existenceoftwo fluid phasesjust above
100'C is consistentwith boiling at just greaterthan atmospheric pressure.This third explanation is preferred
becauseit not only explains the isotopic differencesbetween Q and MQ in a single agatebut also the tendency
for agateto form as horizontal layers together with walllayered coarselycrystalline qvartz.

OnrcrN oF Q AND MQ zoNns
OmcrN oF AGATE
It was shown above that Q zones have systematically
Three recent papers have proposed rather different
lower D'8Ovalues than MQ zonesby an averageof about mechanismsfor the origin of agate.Florke et al. (1982)
3Vm,or, in the caseofagate l, the Q zonesare about 2Vu studied the chemistry, mineralogy, and the water content
lighter than the precedingMQ zone. This differencecan- (using infrared spectroscopy)of various agates,mainly
not be related to the presenceof HrO in MQ because,as from Brazil, which are very similar to those describedin
discussedabove, the effect on 6'80 is small and in the this paper. They suggestedthat mixed Q and MQ agates
opposite sensein that the measuredD'8Ofor MQ is lighter result from a protracted cooling history. Their interprethan the actual value for the SiO, alone. Three possible tation was that agateprecipitated from supercriticalfluids
explanationscould account for the differencesin dt8Obe- (i.e., >374 oC),whereascoarselycrystallinequartz formed
tweenQ and MQ.
from a low-temperature (< 100 "C) HrO liquid. In a later
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paper,Graetchet al. (1985),using similar methods,suggestedthat chalcedonyin Brazilian agateformed at <250
"C. Fallick et al. (1985) studied the oxygen- and hydrogen-isotope composition of agates from Scotland and
concluded that the agatesformed at temperaturesas low
as 50'C, with no initial precipitation from supercritical
fluids.
The presentwork supports the conclusion of Fallick et
al. (1985)in that low temperaturesof depositionare implied. The observeddifferencesbetweenQ and MQ zones
is consistent with deposition at just above 100 "C. The
deposition of MQ layers from supercritical fluids is not
supported by the data presentedin this paper. Furthermore, the range in 6'80 observed in the Sarusasagates
does not indicate a protracted cooling history of these
agatesfrom supercritical to room temperature, as suggestedby Fltirke et al. (1982). The coexistenceof HrO
liquid and HrO vapor during the evolution of the agates
indicates that the P-I conditions were close to the twophase curve for HrO. The dominance of agate (precipitated from HrO in the liquid phase) or quartz (precipitated from HrO in the vapor phase)in a particular zone
is most probably due to changesin pressureandlor temperature during the growth of the agate. These changes
could result from changesin the hydrothermal plumbing
or from cyclesoferuption followed by erosion above the
zone of agateformation.
The presenceof a thin MQ zone around all mixed Q
and MQ agateswas noted by Fldrke et al. (1982).Agates
l-4 (App. 1) have a thin outer MQ zone, and, in each
case,this zone is isotopically the heaviest. It is not clear
whether this zone was deposited from HrO vapor (it is
wall-layered) or from H,O liquid (it is isotopically heavy
MQ). The high D'8Ovalues indicate low temperature of
deposition relative to the other zones in each individual
agate.Agatesfrom other localities have a thin rim ofopal
around the outside rather than MQ flOrke et al., 1982).
It is possible that the wallJayered MQ rims on the Sarusasagateswere originally opal that later transformed to
MQ. Opal can contain up to 5 wto/oHrO (Graetch et al.,
1987)and formation of MQ in this way will resultin dr8O
values that are heavier than those of "primary" MQ if
the transformation takes place at low temperatures.The
bulk 6t8Oof opal containing 5 wto/oHrO formed at 120
lC will be l.5%n lighter than coprecipitating water-free
SiOr. If 4 wt0/oHrO is lost at 30 "C during transformation
to MQ, the new bulk 6'80 will be 2V*heavier (i.e.,0.5V*
heavier than the water-free SiO, formed at 120 "C). This
calculation assumesthat isotopic equilibrium is maintained betweenwater and silica at the time of water loss.
It seems,therefore, that formation of opal followed by
transformation to MQ will not result in MQ with significantly higher D'8Ovalues than "primary" MQ. The most
plausibleexplanation for the high D'8Ovaluesin the outer
MQ zonesis that thesezoneswere able to exchangewith
fluids (liquid or vapor) via the outer surfaceofthe geode
over the entire temperature range of infilling. The high

values, therefore, reflect the low temperaturesof fiD18O
nal isotopic equilibration. It may be that this material is
transformed opal, but this cannot explain the high D'8O
values of these outer MQ zones.
DnposrrroN oF AGATESAND ALTERATIoNoF THE
Klnoo voLcANICS
The model presentedabove suggeststhat at times during the formation of the agatesHrO liquid and HrO vapor
coexisted,and the magnitude of the differencebetweenQ
and MQ zones suggeststhat the temperature was above
100 "C. If these agatesformed at a constant temperature
of about 120 "C, the value implied by Ihe 3Vudifference
between MQ and Q zones, then the range in observed
d'8O values (Table l) require fluid d'8O values between
* l.4%mand +9.9V*.It is obviouslyunlikely that the temperature remained constant during formation of the agates,and fluctuations in temperaturemust, in part, be the
causeofthe rangein observedd'8Ovalues. Nevertheless,
formation above 100 "C requires that the (D'8O)o'owas
greater than (D'8O).ro*. Meteoric water could have
achievedthe appropriate d'80 valuesby (l) concentration
of '8O during prolonged boiling and loss of the vapor
phaseor (2) exchangewith the surrounding rocks.
During boiling, '80 is preferentially partitioned into the
r80liquid, and it is possiblethat meteoric water became
it
can
equation,
Rayleigh
the
way.
Using
in
this
enriched
be shown that at 120 "C, the required 137- increasein
drsO value from meteoric water (-3E*) to the inferred
upper limit of 9.9v* could have been generatedby >95
wt0/oloss of vapor. This may also be the mechanism by
which silica saturation in the liquid is achieved.Influx of
water into the cavities within the volcanics may have
been continuous or episodic.Ifboiling is required to produce silica saturation, high D'8Ovalues in the fluid would
have been achieved before each new layer of the agate
was deposited.
The exchangemechanism for increasingD'8Oin meteoric fluids is not supported by the dr8Odata for the volcanicsthemselves.Harris et al. (1988) have shown that
the Sarusasquartz latites contain pyroxene and plagioclasethat have d18Ovalues of l0.6%mand 10.9V*,respectively. These values are interpreted as being similar to
the original magmatic valuesand indicale a crustal source
for the acid volcanicsat Sarusas,in the north ofthe Etendeka area. The whole-rock d'8O value for the Sarusas
quartz latite is 17.9V*, and it is suggestedthat the llVm
differencebetweenwhole-rock and phenocrystD'8Ois due
to secondaryalteration (Harris et al., 1988).This shift to
higher dr8Ovalues is a feature ofall the Etendekavolcanics of both basaltic and quartz latite compositions. The
fluid responsiblefor raising the 6'80 of the volcanics must
itself become isotopically lighter as a result of the exchange(though this lowering could have been very small
if the water/rock ratio was large). Nevertheless,if meteoric water was responsiblefor the alteration, it would be
shifted to lighter values.
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CoNcr-usrons
presented
in this paper confirm that agates
The data
form at low temperatures.Unambiguous determination
of both temperatureand the d'8Ovalue of the depositing
fluid is not possible, but systematic differencesbetween
the d'8Ovalues of horizontally layered MQ and wall-layered Q are best explained if MQ is deposited from HrO
(liquid) and Q depositedfrom H,O (vapor). The average
differencebetween 6'80 of the Q and MQ is 37mwhich,
if this model is correct, indicates temperatures around
120 "C. If this temperature remained constant, d18Ovalues for the fluid between + 1.4 and *9.9 are required to
give the range in silica D'8Ovalues. Obviously, temperature did not remain constant, but values above 100 "C
require that the D'8Ovalue ofthe depositingfluid be greater than modern meteoric water observed in the area.
Boiling of water and removal of the vapor phase is one
mechanism of producing a high D'8Ofluid. Greater than
95 wto/oloss of vapor at 120 'C will increasethe 6180value
of a fluid by the l07oo,which seemsto be required and
may also have been the mechanism by which silica becomessaturatedin the fluid. High d'8Ofluids cannot have
been produced by exchangewith the host volcanics becausealteration ofthese rocks has resulted in increasing
d'8O values. Mass balance of '8O therefore requires the
fluid to have been isotopically lighter after such an exchange.
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AppnN{orx 1. DrscnrpuoN

oF AGATES sruDrED

Agate I (silica types Q and MQ). Thin outer MQ zone with
two horizontal MQ layerssandwichingwall-layeredQ. Inner two
layers are coarseQ with the innermost having euhedral Q projecting into empty cavity. Inner Q zone is purple amethyst. The
MQ in this agateis granular fine quartz.
Agzte 2 (silica types Q and MQ). Thin outer MQ zone, then
wallJayered Q mantle to MQ inner zone.
Agate 3 (silica types Q and MQ). Thin outer MQ zone, then
horizontal MQ. This is followed by a Q zone that also forms a
thin wall-layered zone followed by a secondMQ zone that has
a horizontal part and a much thinner wallJayered part. Inside
this is a coarselycrystalline Q zone with an inner MQ zone.
Agate 4 (silica types Q and MQ). Thin outer MQ zone with
horizontally layered MQ. Inner zone is coarsely crystalline Q
that makesup 2/rof the geode.The thin outer MQ is spherulitic'
length-fast chalcedony, and the horizontal MQ is dominantly
granular fine quartz with minor patches of length-fast chalcedony.
Agate 5 (silica types Q and MQ). Outer zone of MQ much
wider than agates l-4. Inner MQ zone is horizontally layered
(bottom right of photograph in Fig. 1), then wall-layered. The
wall-layeredMQ is dominantly length-fastchalcedony,whereas
the horizontal MQ is mixed length-fastchalcedonyand granular
fine quartz. There are two inner wallJayered Q zonesseparated
by a thin zone of length-fastchalcedony.
Agate 6 (silica type MQ only). Outer MQ zone with inner MQ
zone showing both wall and horizontal layering. The wallJayered MQ is length-fastchalcedony;the horizontal layers mixed
length-fastchalcedonyand granular fine quartz. The center zone
is length-fastchalcedony.

