New Mexico Geological Society
Downloaded from: https://nmgs.nmt.edu/publications/guidebooks/47 @

Temporal and geochemical trends of lavas in White Rock Canyon and the
Pajarito Plateau, Jemez volcanic field

Giday WoldeGabriel, A. William Laughlin, David P. Dethier, and Matthew. Heizler
1996, pp. 251-262. https://doi.org/10.56577/FFC-47.251

in:
Jemez Mountains Region, Goff, F.; Kues, B. S.; Rogers, M. A.; McFadden, L. S.; Gardner, J. N.; [eds.], New Mexico
Geological Society 47th Annual Fall Field Conference Guidebook, 484 p. https://doi.org/10.56577/FFC-47

This is one of many related papers that were included in the 1996 NMGS Fall Field Conference Guidebook.

Annual NMGS Fall Field Conference Guidebooks

Every fall since 1950, the New Mexico Geological Society (NMGS) has held an annual Fall Field Conference that
explores some region of New Mexico (or surrounding states). Always well attended, these conferences provide a
guidebook to participants. Besides detailed road logs, the guidebooks contain many well written, edited, and
peer-reviewed geoscience papers. These books have set the national standard for geologic guidebooks and are an
essential geologic reference for anyone working in or around New Mexico.

Free Downloads

NMGS has decided to make peer-reviewed papers from our Fall Field Conference guidebooks available for free
download. This is in keeping with our mission of promoting interest, research, and cooperation regarding geology in
New Mexico. However, guidebook sales represent a significant proportion of our operating budget. Therefore, only
research papers are available for download. Road logs, mini-papers, and other selected content are available only in
print for recent guidebooks.

Copyright Information

Publications of the New Mexico Geological Society, printed and electronic, are protected by the copyright laws of the
United States. No material from the NMGS website, or printed and electronic publications, may be reprinted or
redistributed without NMGS permission. Contact us for permission to reprint portions of any of our publications.

One printed copy of any materials from the NMGS website or our print and electronic publications may be made for
individual use without our permission. Teachers and students may make unlimited copies for educational use. Any
other use of these materials requires explicit permission.


https://nmgs.nmt.edu
https://nmgs.nmt.edu/publications/guidebooks/47
https://doi.org/10.56577/FFC-47.251
https://doi.org/10.56577/FFC-47
https://nmgs.nmt.edu/ffc/home.html

This page is intentionally left blank to maintain order of facing pages.



New Mexico Geological Society Guidebook, 47th Field Conference, Jemez Mountains Region, 1996 251

TEMPORAL AND GEOCHEMICAL TRENDS OF LAVAS IN WHITE ROCK CANYON
AND THE PAJARITO PLATEAU, JEMEZ VOLCANIC FIELD, NEW MEXICO, USA

GIDAY WOLDEGABRIEL!, A. WILLIAM LAUGHLIN?, DAVID P. DETHIER? and MATTHEW HEIZLER*
'EES-1/D462, Los Alamos National Laboratory, Los Alamos, NM 87545; 2ICF Kaiser Engineers Inc., Los Alamos, NM 87544; *Williams College, Williamstown, MA 01267; ¢ New Mexico
Bureau of Mines and Mineral Resources, New Mexico Institute of Mining and Technology, Socorro, NM 87801

Abstract—*°Ar/**Ar dates and geochemical analyses provide insights into the geochronology and petrologic evo-
lution of Miocene-Pliocene volcanism in the vicinity of White Rock Canyon and the adjacent Pajarito Plateau.
Lava flows and some dikes were sampled from several stratigraphic sections in this area. ‘“°Ar/**Ar results indicate
3 distinct pulses of volcanic activities at 9.3, 2.8 and 2.6-2.3 Ma. A single 9.3 Ma mugearitic lava flow occurs only
locally, whereas the Pliocene volcanism is voluminous, widespread, and geochemically diverse. The earlier (2.8-
2.4 Ma) Pliocene lavas are predominantly evolved compositions (hawaiite, mugearite, benmorite, and dacite),
whereas the latest (2.5-2.3 Ma) and stratigraphically uppermost flows are entirely tholeiitic basalts. The 9.3 Ma
mugearite lava was erupted coevally with intense late Miocene (10-7 Ma) magmatic and tectonic activities in the
Jemez volcanic field. The Pliocene (2.8-2.3 Ma) rift-bound volcanism appears to be contemporaneous with initia-
tion of movement along the Pajarito fault zone. Despite temporal similarities and geographic proximity, the geochemi-
cal diversity of the White Rock Canyon volcanic rocks reflects different magmatic sources modified by differentia-

tion and crustal contamination.

INTRODUCTION

The Jemez volcanic field contains mafic, intermediate and silicic
rocks of the Keres (>13 to 6 Ma), Polvadera (14-2 Ma), and Tewa (1.6
to 0.13 Ma) Groups (Gardner et al., 1986; Goff et al., 1989; Aldrich
and Dethier, 1990; Izett and Obradovich, 1994). The eastern part of
this volcanic field is represented by the Pajarito Plateau. The plateau
consists of Miocene sedimentary rocks of the Santa Fe Group and

Pliocene volcanic fanglomerates and conglomerates of the Puye For-
mation, which are interbedded with Cerros del Rio and Pajarito Pla-
teau volcanic rock deposits (Dethier, in press; Reneau et al., 1995).
These older units are blanketed by the Plio-Pleistocene Bandelier and
post-Bandelier Tuff pyroclastic rocks and Quaternary alluvial fan, col-
luvial, and landslide deposits. All of these units are exposed in 200 to
300-m-deep, steep-sided canyons that merge with the White Rock Can-
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FIGURE 1. Location map of samples in White Rock Canyon, the Pajarito Plateau, and the Cerros del Rio volcanic field, New Mexico. The inset maps show the location
of the study area with reference to the Pajarito fault zone of the Espafiola basin. Schematic stratigraphic sections for various locations along with sample number,
geochemical classification and “°Ar/**Ar age are also shown.
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yon of the Rio Grande along the eastern part of the Pajarito Plateau.
Late Pliocene K-Ar ages (2.0-2.8 Ma) were reported on samples from
these volcanic rocks (Manley, 1976; Bachman and Mehnert, 1978;
Dethier, in press). In addition, an age of 4.4 Ma was reported from a
deeply-eroded vent and maar (Black Mesa at San Ildefonso) at the north-
ern part of the Cerros del Rio volcanic field, about 5 km upstream from
the Otowi Bridge (Baldridge et al., 1980).

Chemical and petrologic data from the major units of the Jemez vol-
canic field exhibit a range of hy- and ne-normative compositions inter-
mediate between subalkali tholeiites and alkali olivine basalts (Baldridge
et al., 1995). Compositionally variable volcanic rocks are present in the
Cerros del Rio volcanic field and this diversity was interpreted to indi-
cate eruptions from different magmatic source areas (Aubele, 1979;
Duncker et al., 1991; Baldridge et al., 1995).

The Pajarito Plateau is separated from the Jemez volcanic field by the
Pajarito fault zone (Fig. 1). This fault system trends NNE, with down-to-
the east displacement initiated in late Miocene time (5 Ma), and cuts
Neogene and Quaternary volcanic and sedimentary rocks along the west-
ern rift shoulder of the Espaifiola Basin (Manley, 1979; Golombeck, 1983;
Gardner and Goff, 1984; Aldrich and Dethier, 1990). Moreover, a now-
buried NNE-trending marginal graben was delineated by gravity mea-
surements under the Pajarito Platean (Budding, 1978). Recent gravity
data suggest three narrow, deep structural sub-basins along the Pajarito
and Embudo fault zones (Ferguson et al., 1995).

For this study, lava flows from White Rock Canyon, the Cerros del
Rio volcanic field, and the Pajarito Plateau (Fig. 1) were collected, dated
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by the “*Ar/*°Ar method, and geochemically analyzed. This effort is part
of the Los Alamos National Laboratory Environmental Restoration Project
and attempts to determine the volcanic and tectonic histories of the Pajarito
Plateau and vicinity within the framework of the larger Jemez volcanic
field. The primary objective is to provide time-stratigraphic markers and
geochemical information on the different volcanic rocks of the area and
to identify source centers for the flows exposed along both sides of White
Rock Canyon and the adjacent areas.

SAMPLE COLLECTION,
DESCRIPTION AND ANALYTICAL METHODS

Forty-six lava and dike samples were collected along the Rio Grande
River in the White Rock Canyon region near Los Alamos, New Mexico
(Fig. 1). The steep tributary canyons east and west of the Rio Grande
provide excellent outcrops where the relative stratigraphic positions for
individual samples could generally be easily determined. The flows gen-
erally exhibit a microporphyritic texture with some samples showing
ophitic and granular features. Visual and optical inspection of the lava
flows reveals a modal mineralogy consisting mostly of olivine, plagio-
clase, clinopyroxene, and opaques with minor apatite phenocrysts. These
minerals are also present in the groundmass and olivine is partially
iddingsitized in most of the samples. Quartz xenocrysts are apparent in
most samples collected from flows in the northern part of White Rock
Canyon.

Twenty samples were selected for ‘°Ar/*Ar dating. Most of the dated
samples have relative age determinations based on mapped stratigraphic

TABLE 2. Major and trace element analyses of volcanic rocks from White Rock Canyon, the Pajarito Plateau, and the Cerros del Rio volcanic field, New Mexico.

Sample Number  AWL19-93 D85-40 DN85-69A  DN85-69B  DNB85-72A  DN85-72B DNB85-72C DN85-126 DN85-129 DN85-131 DN85-137
Sio2 50.74 49.79 55.42 57.28 47.99 52.92 51.61 49.5 49.29 50.03 55.06
Tio2 1.5 1.61 1.7 1.24 1.71 1.58 1.7 1.47 1.44 1.49 1.46
A203 16.25 16.59 16.28 16.19 13.83 14.73 16.23 16.87 16.12 16.38 18.08
Fe203 11.39 9.63 10.25 8.37 9.42 9.57 9.62 10.78 11.14 11.89 8.36
MnO 0.16 0.14 0.14 0.12 0.15 0.22 0.14 0.16 0.16 0.18 0.08
MgO 6.86 6.3 3.75 4.93 5.89 6.97 6.16 6.26 7.33 6.75 2.31
ca0 9.04 8.59 7.05 6.93 9.31 7.37 8.6 9.53 9.94 9.34 6.72
Na20 3.2 3.7 4.12 3.8 3 3.53 3.6 3.49 3.26 3.42 4.47
K20 1.08 1.75 1.69 2.01 1.92 2.28 1.85 1.1 0.88 0.88 2.15
P205 0.31 0.76 0.61 0.41 0.83 0.6 0.7 0.51 0.48 0.34 0.62
Total 100.53 98.86 101 101.27 94.06 99.76 100.21 99.66 100.05 100.7 99.31
v 178.58 174.18 162.81 129.43 189.93 172.33 158.93  191.84  192.11  186.81  174.03
cr 219.99 103.32 34.08 109.82 128.57 186.18 178.11 78.69 192.68  190.29  58.16
Ni 92.25 63.57 16.97 69.31 77.79 120.15 103.57  54.06 83.21 98.62 34.97
Zn 89.1 86.93 96.73 89.9 83.07 79.21 76 83.39 72.22 100.66  77.93
Rb 16.73 23.96 25.51 26.24 29.35 33.65 24.69 18.11 12.71 10.79 30.18
*® 438.27 1227.81 656.35 804.5 1063.76 765.94  1019.79  678.85  652.55 454 1146.63
Y 26.22 24.73 31.1 21.42 29.37 22.36 23.31 25.83 20.32 29.37 23.7
zr 143.25 251.18 225.42 191.59 233.05 194.77 21513  161.68  152.72  147.62  268.8
Nb 18.39 44.76 29.23 19.72 40.21 36.99 38.25 26.71 25.31 19.3 34.55
Ba 436.01 1109.74 1019.27 1018.38 1365 1045.25  1479.65 691.01  515.73  484.92  1087.34
DN85-72D  DN85-100  DN85-104 DN85-107A DN85-113A  DN85-122 DNB85-123B DN85-145A DN85-145B DN85-145C DN85-145F
sio2 52.85 57.84 50.34 62.17 65.8 50.48 50.19 53.64 53.16 53.23 52.78
Tio2 1.72 1.08 1.67 0.56 0.61 1.52 1.52 1.61 1.65 1.53 1.65
AI203 15.12 16.71 16.87 15.23 16.09 16.21 17.24 15.43 15.73 15.52 14.94
Fe203 9.35 7.31 9.63 4.46 4.58 9.43 10.86 9.22 9.06 8.83 9.32
MnO 0.15 0.11 0.15 0.07 0.08 0.15 0.15 0.13 0.15 0.14 0.14
MgO 6.06 3.94 5.43 2.06 2.21 6.93 5.57 6.18 6.21 6 6.99
ca0 7.69 6.55 7.98 4.71 4.38 8.7 9.27 7.73 7.97 7.8 7.66
Na20 4.1 4.28 4.79 4.68 4.51 4.32 3.75 3.89 3.91 4.17 3.62
K20 2.64 2.1 1.76 2.59 2.72 1.78 1.26 2.33 2.34 2.44 2.31
P205 0.74 0.53 0.78 0.33 0.38 0.92 0.53 0.6 0.65 0.73 0.63
Total 100.41 100.45 99.39 96.85 101.35 100.43 100.35  100.75  100.81  100.39  100.05
v 180.76 121.27 167.02 60.5 67.1 158.19 204.34  167.77  173.48  152.27  188.91
cr 148.82 92.03 78.89 32.16 33.32 148.69 69.31 173.94 17147  153.55  182.49
Ni 90.99 64.28 53.35 20.12 19.88 114.02 55 102.62 88.87 104.67  105.45
Zn 85 85.64 84.68 74.8 74.15 92.07 101.47  85.88 85.32 73.11 51.98
Rb 40.97 30.82 26.61 39.87 43.71 26.52 20.48 36.12 34.38 38.31 33.74
=R 980.05 925.93 1127.18 969.9 832.49 1338.58  720.87  844.75  905.64  988.51  832.92
% 24.73 21.26 23.07 11.97 19.37 24.33 26.85 24.73 25.67 24.1 23.62
Zr 235.42 239.64 258.66 205.21 231.57 262.66 172.05  194.11  209.28  218.83  201.07
Nb 46.5 29.72 45.24 16.43 21.47 44.69 26.99 38.39 40.98 39.79 38.6
Ba 1280.81 1203.78 1106.15 1505.62 1468 1119.59 876.5  1049.73 124319 1287.08 1038.98




TRENDS OF LAVAS

positions or crosscutting relationships. Hand samples of unaltered rocks
were crushed and sieved. The 20-30 mesh fraction was ultrasonically
cleaned in dilute nitric acid followed by repeated washing in distilled
water. Groundmass concentrates were obtained by hand-picking whole-
rock fragments that were free of phenocrysts and/or xenocrysts. Approxi-
mately 50 mg splits were wrapped in Sn-foil, encapsulated in evacuated
quartz tubes and irradiated in two separate packages in the L-67 position
at the University of Michigan Ford Reactor. Fish Canyon sanidine (27.84
Ma) standard was placed at 0.5 cm intervals within the irradiation tubes
in order to monitor the neutron dose and thus provide J-factors for the
unknown samples. The J-factors were determined from the pooled re-
sults of 4 single crystal analyses from each flux monitor position. The J-
factor error was determined to approximately +0.5% (26) and this uncer-
tainty has been included in the total error reported for each individual
age. All errors are reported at the 26 confidence level. Uncertainties in
total gas ages are calculated by weighting the error of each step by the
percent *Ar released. Correction factors for interfering reactions on K
and Ca were determined from analysis of K,SO, glass and CaF,. Gas
extraction and mass spectrometer procedures follow those outlined by
Mclntosh and Cather (1994).

The major and trace element compositions of bulk powders were ana-
lyzed at the Geology/Geochemistry Group XRF laboratory, Los Alamos
National Laboratory, using a Rigaku 3064 wavelength dispersive X-ray
fluorescence (XRF) instrument, and concentrations were calculated from
intensities using XRF-11 software (Criss, 1985). Analysis and statistics
of the unknown samples are based on a model that uses intensities for 21
rock standards. Accuracy of results for unknowns was determined by

Sample Number DN85-139B DN85-140 DN85-141

DN86-1B DNB86-4 DN93-5 DN93-8 DN93-13 DN93-14 DN93-21
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evaluating the analytical total of all concentrations, including trace ele-
ments as oxides and the loss on ignition.

YAR/PAR RESULTS AND AGE SPECTRA INTERPRETATION

All whole-rock samples were analyzed with the incremental heating
technique and the “°Ar/*°Ar isotopic results and age determinations (i.e.
total gas, plateau and/or isochron ages) are given inTable 1. Age spectra,
K/Ca, and percent “°Ar radiogenic yield are plotted in Figure 2. Isochron
ages are determined using the regression technique of York (1969). As
indicated by the relatively high MSWD values (i.e., >2.5), most samples
do not display true isochronous behavior. Despite the high MSWD val-
ues, apparent isochron ages are generally indistinguishable from plateau
and/or total gas ages and also suggest initial *’Ar/*®Ar values equal to
atmospheric argon (Table 1). For many of the samples, plateau ages are
obtained as 3 or more contiguous heating steps, comprising greater than
50% of the total **Ar overlap at the 26 level. The plateau ages and errors
are calculated by weighting individual steps by the inverse of their vari-
ance.

The age spectra (Fig. 2) for the samples from this study can be catego-
rized into four basic types:

Type 1, Flat age spectra: Samples such as DN93-14 and DN85-145a,
(Figs. 2d, q) represent this type, where nearly all heating steps yield con-
cordant apparent ages and thus give precise plateau ages. Sample DN93-
13 (Fig. 2c¢) yields a plateau age but the individual ages have very large
errors due mainly to the low radiogenic gas yield for this analysis. The
date of 3.18+0.38 Ma for this sample is considered unreliable, and thus,
should not be used to constrain rigorous geologic interpretations.

DN93-23 DN93-25

Sio2 58.78 51.31 52.04 51.32 53.69 51.84 56.28 52.13 50.2 51.38 52.18 49.06
Tio2 0.95 1.49 1.51 1.48 1.46 1.51 1.15 1.51 1.66 1.44 1.15 1.64
Al203 16.43 16.2 16.42 15.96 19.08 16.97 16.26 16.27 17.04 15.86 16.29 16.38
Fe203 6.64 11.28 11.27 11.46 8.92 11.35 7.79 11.15 9.63 11.64 11.86 9.81
MnO 0.11 0.16 0.16 0.16 0.13 0.16 0.12 0.16 0.15 0.16 0.16 0.16
Mgo 4.28 6.61 6.02 7.33 1.93 6.59 5.06 5.98 5.5 7.34 7.11 5.9
Ca0 6.52 8.98 9.01 9.01 6.44 8.91 7.65 9 8.25 8.88 9.06 9.87
Na20 4.3 3.18 3.29 3.16 5.02 3.41 4.09 3.33 4.29 3.24 3.14 5.02
K20 2.1 1,11 1.14 1.07 2.33 1.08 1.86 0.95 1.75 0.96 0.39 0.93
P205 0.51 0.33 0.32 0.31 0.95 0.32 0.55 0.34 0.81 0.31 0.13 1.2
Total 100.62 100.64 101.16 101.26 99.94 101.14 100.82 100.8 99.26 101.21 101.46 99.98
\" 108.7 181.3 183.88 180.55 161.86 190.68 136.71 176.13 171.04 187.96 174.09 176.95
Cr 110.51 197.34 152.11 251.05 7.73 218.69 106.06 152.52 64.25 262,27 172.02 124.26
Ni 64.43 92.49 64.28 105.45 7.16 103.09 73.55 75.36 41.41 123.21 162.58 63.33
Zn 71.5 94.32 96.09 90.38 97.77 94.48 77.85 97.29 72.06 93.68 95.12 69.57
Rb 29.99 20.21 19.57 18.75 31.55 20.48 26.88 18.2 25.33 16.83 6.04 38.86
=R 900.56 440.47 421.95 434.38 1329.28 429.4 938.62 417.81 1311.53 430.49 262.47 1500.1
Y 19.69 25.12 27.8 26.22 24.33 27.4 25.04 27.8 24.96 27.4 18.35 30.08
zZr 231.86 148.06 1471 141.18 309.67 151.17 237.64 149.76 251.18 140.66 73.36 277.54
Nb 26.99 19.65 18.39 18.32 50.56 20.56 27.9 18.67 42.17 16.5 9.3 50.14
Ba 1217.22 428.4 383.17 374.21 1480.54 488.59 1288 402.33 1000.46 408.25 177.88 1527.1
DN85-147B DN85-147C DN86-1A DN93-27 DN93-28 FI93FRIJ6 SLR93-1 DN93-26 DN93-27 DN93-28 F93FRIJE SLR93-1
Si02 52.65 51.22 51.57 51.63 51.69 57.99 55.06 53.8 51.63 51.69 57.99 55.06
Tio2 1.53 1.49 1.49 1.49 1.48 0.94 1.51 1.31 1.49 1.48 0.94 1.51
Al203 17.39 15.72 16.73 16.14 16.2 16.08 18.75 15.77 16.14 16.2 16.08 18.75
Fe203 8.87 11.54 9.27 11.32 11.33 6.83 8.65 8.56 11.32 11.33 6.83 8.65
MnO 0.14 0.16 0.15 0.16 0.16 0.11 0.09 0.14 0.16 0.16 0.11 0.09
MgO 4.66 7.35 6.47 6.71 6.55 4.51 1.82 6.11 6.71 6.55 4.51 1.82
CaO 7.54 8.82 8.54 8.96 8.99 6.88 6.03 7.73 8.96 8.99 6.88 6.03
Na20 4.75 3.25 4.49 3.32 3.19 4.19 4.53 4.36 3.32 3.19 4.19 4.53
K20 2.1 1.04 1.92 1.11 1.21 2,02 2.2 2.33 101 1.21 2.02 2.2
P205 0.84 0.31 0.94 0.31 0.31 0.43 0.64 0.85 0.31 0.31 0.43 0.64
Total 100.46 100.91 101.56 101.15 101.11  99.97 99.27 100.97 101.15 101.11 99.97 99.27
" 152.27 182.12 145.95 177.43 183.34 118.01 170.36 142.82 177.43 183.34 118.01 170.36
Cr 48.58 257.55 135 209.18 218.41 123.17 64.8 147.93  209.18 218.41 123.17 64.8
Ni 33 119.67 96.42 99.48 102.23 90.52 35.28 124.55 99.48 102.23 90.52 35.28
Zn 91.75 99.38 82.35 88.05 87.65 85.8 83.39 79.13 88.05 87.65 85.8 83.39
Rb 28.53 17.83 28.62 18.2 19.29 29.17  36.58 38.31 18.2 19.29 29.17 36.58
R 1367.34 446.48 1376.64 437.34 440.47 871.81 1141.6 111535 437.34 440.47 871.81 1141.6
Y 25.28 29.37 25.83 28.66 26.06 21.6 24.73 27.01 28.66 26.06 21.5 24.73
Zr 275.76 145.77 270.36 148.21  149.24 21469 277.32 241.04 148.21 149.24 214.69 277.32
Nb 43.78 17.83 46.29 20.14 19.3 27.62 3559 40.98 20.14 19.3 27.62 35.59
Ba 1199.3 383.62 1177.81 389.44 460.28 1090.93 1178.7 1588.92 389.44 460.28 1090.9 1178.7
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TBype 2, Slightly disturbed age spectra: Samples DN85-122 and DN85-
147¢ (Figs. 2n, t) show slight discordance in apparent age and either
yield plateau ages comprising only about 50-75% of the total *Ar or do
not rigorousty meet the plateau criteria outlined above. For the type 2
samples meeting the plateau criteria, the plateau ages are the preferred
ages (e.g., DN85-147¢). In the case where the sample fails the plateau
criteria, an age was calculated for the steps that represent the flattest
portion of the age spectrum (e.g., DN85-122) and are denoted with quo-
tation marks in Table 1 and Figure 2. This approach can be justified as
the definition of the plateau is not completely rigorous or objective.
Samples in this group probably have slightly disturbed age spectra due
to a combination of minor alteration, incomplete removal of reactive gases
prior to gas analysis in the mass spectrometer, non-atmospheric and/or
heterogeneous initial *°Ar/*°Ar ratios and * Ar recoil.

Type 3, Disturbed age spectra with decreasing ages: Samples DN93-5
and SLR 93-1 (Fig. 2a, k) are excellent examples of this behavior as the
initial heating steps yield apparent ages greater than the later increments.
Some of these spectra could be showing the effect of **Ar recoil redistri-
bution (Turner and Cadogan, 1974). Due to the moderate recoil energy
(175 keV) associated with the formation of *Ar from *’K in the nuclear
reactor, it is possible to displace an *Ar atom from a relatively high K
(e.g., plagioclase, matrix, glass) into a relatively low K (e.g., pyroxene)
site. Upon the early degassing of the plagioclase in the age spectrum
experiment, anomalously high apparent ages will occur due to the deple-
tion of *Ar, and concomitantly, upon the late degassing of the pyroxene
in the age spectrum experiment, anomalously low ages will occur due to
the implantation of **Ar. The observation that the K/Ca ratio generally
decreases during the final degassing stages of the age spectrum experi-
ment (Fig. 2) lends support to high K sites preferentially degassing rela-
tive to low K sites. An exception to this is sample DN93-5 (Fig. 2a),
which reveals an overall decreasing age profile coupled with an overall
increase in K/Ca. These results suggest that an **Ar recoil model cannot
be universally invoked to explain age spectra of this type. The type 3
spectra cannot be interpreted with an explanation requiring simple ex-
cess argon contamination, as isochron results are highly scattered (Table
1). Preferred ages are calculated for the flattest portions of the age spec-
tra (Fig. 2) using the “platean” technique.

Type 4, Disturbed age spectra with increasing ages. Apparent ages
that rise during the initial incremental heating steps are evident for three
samples, DN85-40,129, 141 (Figs. 2m, o, p). The main reason for the
relatively young initial ages in some age spectra is related to incomplete
removal of reactive gases prior to mass spectrometer analysis of the ar-
gon. Poorly cleaned gas produces high pressure in the mass spectrom-
eter, which may depress the apparent signal of the measured argon iso-
topes. Suppression of the “°Ar beam due to high pressure coupled with
additional gas cleanup, occurring simultaneously with gas analysis, yields
anomalously low intensity values for mass 40. Also associated with this
is the potential overestimation of *°Ar. Interferences occurring at mass
36 (e.g., HCI) will result in an overcorrection of the atmospheric *Ar
component, and thus an overcorrection to an anomalously young appar-
ent age. Fortunately, the time versus peak-height regression of the raw
intensity data yield arrays that identify steps affected by inadequate gas
cleanup. Thus, we choose to ignore anomalously young steps that show
evidence for peak height suppression and report ages for the samples
based on gas increments that have be adequately scrubbed of reactive
gases. Preferred ages for these samples are calculated with either “pla-
teau” or isochron techniques (Fig. 2, Table 1).

An exception to the above explanation for initial young ages is sample
DN85-141 (Fig. 2p). This sample appears to yield a true age gradient as
the young initial steps do not have associated raw data indicative of poorly
cleaned gas. This sample may have suffered argon loss associated with
alteration (Foland et al., 1993) and thus we rely on the final 5 heating
increments to best estimate the eruption age (Fig. 2p).

The “Ar/* Ar results indicate three distinct age groups. The oldest age
group is represented by the 9.30+0.20 Ma date given by sample SLR93-1
(Fig. 2k). Two younger age groups (2.8, 2.6-2.3 Ma) are identified when
the individual preferred ages are plotted on the probability diagram shown
in Figure 3. As discussed below, the youngest age group can be divided
into geochemically distinct 2.6-2.4 Ma and 2.5-2.3 Ma subgroups.

WOLDEGABRIEL et al.

GEOCHEMICAL RESULTS

Whole-rock geochemical analysis for both major and minor trace ele-
ments were completed on 46 samples (Fig. 1, Table 2). Despite temporal
similarities and spatial proximity, the samples from volcanic flows, cen-
ters and dikes exposed along both walls and shoulders of White Rock
Canyon display a range of major- and trace-element compositions (Table
2, Fig. 4). These samples generally exhibit compositional ranges (e.g.,
SiO, = 49.07-58.42 wt % and MgO = 1.93-7.33 wt %) and show well-
defined trends with some off-trend points (Fig. 4). On the silica-total
alkali diagram of Le Bas et al. (1986), these lava flows plot in the basal-
tic (tholeiitic), hawaiite (trachybasalt), mugearite (basaltic trachyandesite),
benmorite (trachyandesite), and dacite fields (Fig. 5). Binary plots of
trace elements and trace-element ratios also show the same kind of
geochemical trends as the major elements (Figs. 6a,b).

The geochemical composition with respect to sample location, along
with sample stratigraphic position and “°Ar/*°Ar age, are shown sche-
matically in Figure 1. The general observation is that consistent patterns
within the geochemically diverse rock types are present at different sec-
tions along the traverse. For example, tholeiite lavas generally overlay
mugearite and/or hawaiite outcrops (Fig. 1). An exception to this is the
sequence at Caja del Rio Canyon. Here a thick tholeiite lava-lake, ponded
inside the Caja del Rio maar, occurs stratigraphically below the hawaiite
flows (Fig. 1). In detail, many of the mugearite samples have distinct
geochemical signatures and thus can not be universally grouped (Table
2). Three mugearite samples (DN85-4, 137 and SLR93-1) occurring west
of the Rio Grande at Water and Ancho Canyons are additionally distinct
as they have high ALO, (18.2-19.1 wt%) and low MgO (1.8-2.3 wt%)
relative to the other mugearite samples (Table 2). Hawaiite lavas occur
sporadically throughout the study area and are generally found in the
basal portions of a given stratigraphic succession (Fig. 1). Three chemi-
cally identical benmorite lavas were sampled west of the Rio Grande,
and like the mugearites and hawaiites, occur low in the stratigraphic se-
quence (Fig. 1).

Some geochemical patterns with respect to geographic location are
apparent. Outcrops of tholeiitic composition are confined to the Pajarito
Plateau, extending as far east as White Rock Canyon. Outcrops of more
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FIGURE 3. Probability diagram of the preferred ages listed in Table 1. Individual
ages and errors (20) are shown along with sample number and composition. The

age distribution clearly shows distinct age pulses which are consistent with
geochemical groupings and stratigraphic relationships.
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TABLE 1. Summary of “’Ar/*Ar ages. Ages in bold type are interpreted to be the best measure of the eruption age of the samples. Plateau ages designated with quotation
marks do not rigorously meet the defined plateau criteria and represent ages calculated using the inverse of the variance for the steps indicated on the age spectra figures.
The type of age spectrum listed in the comments refer to the type definitions discussed in the argon results section. B=benmorite, H=hawaiite, M=mugearite, T=tholeiite.

Sample Isochronage  “Ar/*Ar, Isocthon Isochron Total gasage Plateauage % Arin Comments
(Ma) MSWD  steps (Ma) (Ma) plateau

DN93-5T 2.45+0.02  295.6+3.8 24.0 all 2.46+£.06  “2.45+0.06” 100 Ages decrease from initial to ending steps, K/Ca
increases, (type 3)

DN93-8M 2.30£0.6 299.8+9.4 2.7 all 2.6810.22 2.59+0.18 100 Flat age spectrum, (type 1)

DN93-13T 2.90+0.6 296.5+5.6 0.3 all 3.2+0.8 3.18+0.38 100  Flat age spectrum, high error reflects low
radiogenic yield, (type 1)

DN93-14M 2.47+0.06 297.634.0 34 all 2.51+0.08 2.50+0.04 100  Flat age spectrum (type 1)

DN93-21T 2.3140.08 297.115.0 5.5 bd 2.27+..12 2.33+0.08 89 Last 3 steps anomalously young, potentially
due to ®Ar recoil, (type 2)

DN93-25H 2.39+.0.08  300.2+3.4 7.3 cg 2.5140.14  “2.4910.12” 95 Complex age spectrum, (type 2)

DN93-26M 2.5510.02 289.0+3.2 3.6 all 2.5240.03 2.54+0.02 64 Flat age spectrum, highly radiogenic, (type 1)

DN93-27T 2.4810.06 295.4+3.0 9.6 all 2.4510.14  “2.4810.12” 76 Disturbed age spectrum (type 2)

DN93-28T 2.4540.06  287.644.1 0.2 all 2274012 23640.06 68  Slightly disturbed age spectrum (type 2)

F93-FRIJ-6B 2.7710.02 287.215.0 99.0 b-h 2.6740.08  “2.75+0.08” 90 Complex age spectrum (type 3 and 4))

SLR 93-1M 9.3310.06 289.613.0 138.0 b-h 9.1240.16  “9.30+0.20” 94 Complex age spectrum (type 3 and 4)

DNB86-1aH/M 2.4710.02 287.1144.8 6.5 ch 2.47+0.08 2.4610.02 93 Flat age spectrum, highly radiogenic, (type 1)

DN85-145aM 2574002  295.6£20 1.8 all 2544024  2.57:0.02 100  Flat age spectrum, highly radiogenic, (type 1)

DN85-145cM 2.5440.02  303.8444  18.0 all  2.5410.04  2.55:0.02 91 Flat age spectrum, highly radiogenic, (type 1)

DN85-1476M 2.49+0.02  294.844.0 10.0 all 2.48+0.08 2.50+0.02 77 Slightly disturbed age spectrum (type 2)

DNB85-147cT 2491003 286330 7.6 all 2374008  2.4610.03 53 Slightly disturbed age spectrum (type 2)

DN85-40H 2.52+0.04  297.643.2 6.4 f-i 2394034  “2.54+0.06” 82 Steps a-€ not completely cleaned of reactive
gases, (type 4)

DN85-141T 2.39+0.08  296.4+6.4 3.1 e 2.08+0.14  “2.40+0.06” 43 Age gradient possibly related to alteration, (type
4)

DN85-129T 2.8540.17 290+14 0.4 g-i 2.2+1.0 2.78+0.04 77 Steps a-f not completely cleaned of reactive
gases, (type 4)

DN85-122H 2.48+0.02 308.0+3.2 20.7 all 2.5440.04  “2.49+0.03” 90 Slightly disturbed age spectrum (type 2)

evolved rocks such as hawaiite, mugearite, benmorite and dacite are re-
stricted to the Cerros del Rio area and the immediate vicinity of White
Rock Canyon (Fig. 1).

DISCUSSION
Chronology of volcanism and temporal geochemical trends

Lavas and dikes exposed in the White Rock Canyon area and the
Pajarito Plateau erupted episodically in the late Miocene and Pliocene
epochs (Fig. 3). These rocks display a range of major and trace element
compositions, divided into temporally and geochemically distinct erup-
tive pulses: 9.3 Ma mugearite, 2.8 Ma benmorite and tholeiite, 2.6-2.4
Ma mugearite and hawaiite, and 2.5-2.3 Ma tholeiite (Fig. 3). The erup-
tion centers for most of these rocks are buried, but the possible location
of some centers can be inferred by combining geochemical and age data
with field relationships.

The 9.3 Ma late Miocene pulse is defined by a single sample (SLR-
93-1) dated at 9.30+0.20 Ma, collected from a high AlL,O,-low MgO (Table
2) mugearite exposed at the base of the sequence in Ancho Canyon (Figs.
1,2).This sample differs from a nearby high Al-low Mg mugearite (DN85-
4) in containing higher Cr and Ni and lower Ba and Sr (Table 2).

The 2.8 Ma Pliocene pulse is defined by a benmorite (F93-FRIJ-6)
from Frijoles Canyon and a tholeiite (DN85-129) from the basal sec-
tion at Chaquehui Canyon, both located in the southern portion of the
study area (Fig. 1). This older tholeiite occurs within a phreatomagmatic
sequence and is apparently derived from a nearby source. This tholei-
ite has a distinct trace element composition relative to younger 2.5-2.3
Ma tholeiites. The 2.8 Ma benmorite is probably stratigraphically be-
low the DN85-129 tholeiite and is chemically identical to the undated
benmorites that occur stratigraphically low at Water and Ancho Can-
yons (Fig. 1).

The majority of the dated samples fall within a narrow time range
between 2.6 to 2.3 Ma (Fig. 3). This time window can be further subdi-
vided into a 2.3-2.5 Ma tholeiitic group and a 2.4-2.6 hawaiite/mugearite
group (Fig. 3). The resolution of the age data cannot alone distinguish

whether the temporal overlap of the two groups is apparent or real. How-
ever, the stratigraphically consistent relationships of thoeiites overlying
evolved rocks suggests that these eruptions did not overlap in time.

The 2.6-2.4 Ma pulse includes both mugearite and hawaiite composi-
tions. The mugearites display a range of compositions, but only tempo-
ral or spatial trends are apparent. The mugearites exposed along both
sides of the northern end of White Rock Canyon (Fig. 1) are similar in
composition and appear to have erupted and flowed westward from the
Buckman Mesa maar. The undated mugearite samples northeast of Cochiti
Dam have similar major and trace element compositions to the northern
White Rock Canyon rocks and probably erupted from the southwest side
of the Cerros del Rio volcanic field.

Like the mugearite samples, the 2.4-2.6 Ma hawaiites cannot all be
geochemically linked. Sample DN93-25 from the southern end of White
Rock Canyon is different in composition from the three more northerly
located hawaiites. Two of the hawaiite samples (DN85-122 and DN86-
1a) are indistinguishable in age at the 20 level (Fig. 1) and appear to
represent a single 2.5 Ma lava that flowed locally westward near the
present canyon. A somewhat older (2.54 Ma) hawaiite flow occurs at the
base of the eastern wall of White Rock Canyon. It is suggested that these
lavas were erupted and flowed generally northward from vents in the
Cerros del Rio volcanic field (Aubele, 1979). A geochemically distinct
hawaiite (DN93-25) yields a somewhat problematic preferred isochron
age of 2.39+0.08 Ma. This sample is cut by a mugearite dike (DN93-26),
which is precisely dated at 2.54+0.02 Ma (Fig. 1). The high MSWD of
7.3 (Table 1) for the isochron array of sample DN93-25 may indicate
nonhomogeneous trapped initial argon components and thus suggests
caution in the use of the isochron age. The total gas and “plateau” ages
(2.51 Ma, Table 1) for DN93-25 are indistinguishable from DN93-26,
and may provide a more reliable estimate for the eruption age of this
chemically distinct hawaiite.

The 2.3-2.5 Ma basalt flows of tholeiitic composition occur along the
western side of White Rock Canyon and consistently stratigraphically
overlie the mugearite/hawaiite flows (Fig. 1). These tholeiitic lavas flowed
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east or south-southeast into an ancestral lake in White Rock Canyon as
indicated by the occurrence of pillow lavas. Other tholeiite lavas from
the central and southemn parts of White Rock Canyon yielded similar
isotopic ages (Fig. 1) and appear to have erupted along a fissure east of
and parallel to the Pajarito fault zone.

In addition to the dated units summarized above, mugearite and dacite
lavas have been identified at the southern part of White Rock Canyon
(Fig. 1), but have not yet been dated.

Relationship to regional volcanism and tectonism

The dated sequence of Miocene and Pliocene volcanic rocks described
in the previous section can be compared to other known volcanic and

tectonic events in this part of the Rio Grande rift. The oldest mugearite
flow (9.30 Ma), exposed east of the Pajarito fault zone, erupted during
intense late Miocene (10-7 Ma) magmatic and tectonic activities related
to voluminous and temporally correlative igneous activity, including the
Paliza Canyon Formation and the Lobato Basalt of southern and north-
ern Jemez volcanic field, respectively, and dike intrusions in the north-
western Espafiola basin (Baldridge et al., 1980; Gardner et al., 1986;
Goff et al., 1989; Aldrich and Dethier, 1990). However, the late Miocene
mugearite flow is distinct in its major and trace element compositions
compared with the volcanic rocks of the Jemez volcanic field.

The late Pliocene episode was dominated by diverse volcanic rocks of
relatively mafic composition. These volcanic rocks erupted within the




TRENDS OF LAVAS

10

Phonotephirite

Tephrite
Basanite

6

Na20+K20 (wt%)

Trachy-
andesite

259

Trachydacite
Rhyolite

4 Dacite
Andesite

Basaltic

Basalt andesite
2 Picro-
basalt

45 50 55 60 65 70 75
SIO2 (Witts)

FIGURE 5. Total alkali - SiO, plot of volcanic flows from White Rock Canyon and vicinity. Main rock-type boundaries are from Le Bas et al. (1986). Symbols as in Figure 4.

rift basin east of the Pajarito fault zone of the Jemez volcanic field. The
CAr/PAr results (2.77-2.33 Ma) are similar to, but much more precise
than, published K/Ar ages from the White Rock Canyon and the Cerros
del Rio volcanic field (Manley, 1976; Bachman and Mehnert, 1978) ex-
cept for an older K/Ar age (4.4 Ma) from the eroded volcanic center and
maar (Black Mesa at San Ildefonso) at the northern part of the volcanic
field (Baldridge et al., 1980). Other basaltic eruptions with similar K/Ar
ages have been identified throughout the rift basin to the north (El Alto)
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and south (Santa Ana Mesa) of the Cerros del Rio volcanic field (Baldridge
et al., 1980; Manley and Mehnert, 1981; Goff et al., 1989). The preva-
lence of rift-bound volcanic eruptions in the northern part of the Rio
Grande rift during late Pliocene time may be related to early Pliocene
intense faulting that resulted in the formation of the Pajarito fault zone
(Manley, 1979) and to the formation of hybrid magma chambers within
the crust under the Jemez volcanic field that caused the rift-ward migra-
tion of the dense mafic magmas and the rift margin (Gardner and Goff,
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FIGURE 6. Variation diagram of selected trace elements and trace-element ratios of samples. Symbols as in Figure 3.
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1984). The dense mafic magmas could not ascend through voluminous
silicic magmas that ultimately erupted to form the Plio-Pleistocene py-
roclastic rocks of the Jemez volcanic field.

Geochemical evolution of volcanic rocks

Despite temporal similarities and geographic proximity, the volca-
nic rocks of White Rock Canyon and the Pajarito Plateau exhibit a rela-
tively wide compositional range. This geochemical diversity may be
attributed to some combination of heterogeneous mantle source, frac-
tional crystallization, and crustal contamination during ascent (Aubele,
1979; Duncker et al., 1991; Baldridge et al., 1995). Rocks of alkaline
affinity containing xenocrystic quartz and lavas of tholeiitic and hawaiite
compositions contaminated by crustal materials were described from
the Cerros del Rio volcanic field (Duncker et al., 1991). Huppert and
Sparks (1985) suggested that a K,O versus Ni plot can be used to as-
sess the degree of crustal contamination of basaltic magma because the
contaminated rocks plot as scattered data points along mixing lines
away from the fractionation trend. However, Kerr et al. (1995) argued
that the same trend can be produced by mixing genetically-related ba-
saltic and evolved magmas. Instead, a plot of Zr versus Ni was sug-
gested to evaluate the extent of crustal contamination because Zr con-
centration is minimal in crustal rocks, whereas its concentration is higher
in evolved magmas (Kerr et al., 1995). A plot of Zr versus Ni of the
samples indicates a possible fractionation trend from high Ni to low Zr
with numerous off-trend data points that probably represent contami-
nated flows (Fig. 6¢). According to Metcalf (1995), magmatic sources
could be assessed by plotting Nb/Y versus MgO because the ratio is
insensitive to fractionation, whereas MgO is affected by it. A plot of
the White Rock Canyon samples (Fig. 6d) shows a narrow range of Nb/
Y ratio for the White Rock Canyon samples, although these values might
have been modified by contamination. Kerr et al. (1995) suggested that
crustal contamination can occur by partial melting and assimilation
during turbulent ascent of magma. In many cases, the most evolved
rocks are the initial flows, with subsequent rocks becoming less evolved.
Except for the earliest tholeiitic flow in Chaquehui Canyon, the late
Pliocene stratigraphic sequence is represented by basal benmorite,
mugearite and hawaiite, overlain by tholeiitic flows. This compositional
trend with time may reflect variation in crust/mantle magma sources
and fractionation history. It may also be related to the effects of the
initial flow that created a chilled margin around the conduit, thereby
shielding subsequent magmas from crustal contamination.

CONCLUSION

Rift-bounded late Miocene and Pliocene volcanic rocks are exposed
east of the present Pajarito fault zone along White Rock Canyon, the
eastern edge of the Pajarito Plateau, and the western Cerros del Rio vol-
canic field. In these areas, the volcanic rocks consist mainly of tholeiite,
hawaiite, mugearite, benmorite, and dacite lava flows. In most of the
exposed sections along White Rock Canyon, the tholeiitic lavas occur as
uppermost flows, whereas the underlying flows are compositionally more
evolved.

The oldest lava (9.30 Ma) is exposed locally in White Rock Canyon,
whereas the younger late Pliocene (2.8-2.3 Ma) activity was volumi-
nous, widespread, and compositionally diverse. These late Pliocene vol-
canic rocks are similar to other mafic volcanic fields peripheral to the
Jemez volcanic field and appear to be temporally related to the forma-
tion of the Pajarito fault zone that marks the western margin of the
Espaiiola Basin. Within the episode of late Pliocene activity, older (2.8-
2.4 Ma) lavas and dikes are relatively evolved, reflecting at least some
crustal contamination. The younger (2.5-2.3 Ma) tholeiite lavas show
minimal crustal input, possibly because extension along active faults or
fractures provided a path for rapid magmatic ascent.
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Oblique aerial view, looking west, of Los Alamos on the Pajaito Plateau. The Sierra de los Valles, forming the eastern rim of Valles caldera, rise behind the town, and
Redondo Peak, on the resurgent dome of the caldera, is the high point on the skyline (Photo taken in 1971).



